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 With the vast expansion of complete microbial genome sequences, it is 
increasingly apparent that the genomes of free-living and facultative microbes living 
in competitive environments are astonishingly dynamic.  That is, such microbes 
appear to be constantly subjected to gene gain and gene loss processes.  The influence 
of gene gain, specifically through the process of horizontal gene transfer, appears to 
be so profound that the gene content amongst strains of a lineage may vary as much 
as 80%.  However, the sources of horizontal gene transfer and its overall dynamics 
have remained elusive, despite increasing whole genome sequence diversity.  The 
vast extent of genetic variability in some lineages is at the heart of a complex debate 
in microbial taxonomy, including as to if a species concept is even possible for 
microbes.  
Gene loss also plays a significant role in the evolution of microbial genomes.  If 
free-living and facultative organisms are constantly subject to gene gain via 
horizontal gene transfer, then their finite genome sizes indicate that the gene gain 
must be balanced by gene loss.  Though genes can be lost outright, it was apparent at 
the outset of these studies that another readily detectable form of gene loss, 
pseudogene formation, was an increasingly important mode of loss within microbes.  
This dissertation describes our analyses of the horizontally acquired genes and 
pseudogene accumulation in the Salmonella enterica serovars.  The wide range of 
diseases amongst a wide range of hosts elicited by the S. enterica serovars suggests 
that they have a diverse complement of presumably horizontally acquired genes that 
contribute to their unique virulence traits.  Further, the initial S. enterica serovar 
genome sequences revealed that a broad host range serovar had far fewer 
pseudogenes than that of a narrow host range serovar.  In combination with the fact 
that much is known about the S. enterica serovars, this lineage provides an ideal 
system in which to study the evolutionary dynamics of gene gain and gene loss 
processes.  
Chapters 2 and 3 describe the codon usage studies of the horizontally acquired 
genes of S .enterica.  Chapter 2 provides the first known quantitative evidence that 
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some groups of closely related, but traditionally distinct species derive the plurality of 
their recently horizontally acquired genes from a common accessory gene pool.  We 
refer to this phenomenon as the supraspecies pangenome.  We also demonstrate that 
supraspecies pangenomes are widespread across the microbial world; they are found 
amongst other bacterial lineages and even archaeal lineages.  Further, since these 
genes pools are shared beyond the species level implies that this phenomenon has 
significant implications for microbial taxonomy.   
Whereas our studies in Chapter 2 focus on the ancestral and most recently 
acquired genes, we expand our studies of horizontally transferred genes in Chapter 3.  
Specifically, we incorporate the accessory supraspecies pangenome codon usage 
found in Chapter 2 to analyze intermediate evolutionary classes of genes, such as 
species-specific genes.  This allows us to ask questions about the fates of horizontally 
acquired genes, particularly in view of the current assumptions about them.  In doing 
so, we find that the codon usages of many anciently acquired genes, including many 
important genomic islands, are similar to the codon usages of the most recently 
acquired genes of the accessory supraspecies pangenome.  These findings challenge 
the dogma on the fate of horizontally acquired genes, and ultimately lead us to the 
proposal of that some microbial lineages maintain a secondary stress-related intrinsic 
codon usage.   
Chapter 4 describes our studies on pseudogene accumulation in the S. enterica 
serovars.  The initial project objectives included the sequencing and comparative 
analysis of several S. enterica serovar genomes, with the hypothesis that pseudogene 
accumulation would be more profound in narrow host range serovars as compared to 
broader host range serovars.  These sequencing projects ultimately transitioned to 
other institutions that published their analyses of the sequences including their 
observations on pseudogene accumulation relative to host range.  I compile these 
published findings to confirm our original hypothesis.  I also provide a detailed codon 
usage analysis of a genomic region that appears to a hot spot of pseudogene 
accumulation in the host-specific S. enterica serovars relative to the broader host 
range serovars.  Surprisingly, although the overall function of this pathway has been 
lost amongst the host-specific serovars, some genes in this region have signatures of 
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conservation, suggesting that they have some ancillary function in the host-specific 
setting. 
 Our analyses of the horizontally acquired genes and pseudogene accumulation 
in the S. enterica serovars have several significant implications on the understanding 
of the microbial genome and its evolutionary dynamics.  I will discuss how these 
findings challenge some of the current paradigms and dogma regarding the dynamics 
of horizontal gene transfer, the fate of horizontally transferred genes, the pangenome 
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Chapter 1: Introduction 
 
Background 
What is a genome? 
 The word “genome” is one of the basic words in a contemporary life scientist's 
vocabulary. One of the first records of the word genome (“genom”) is from Hans 
Winkler's 1920 textbook, Verbreitung und Ursache der Parthenogenesis im Pflanzen-
und Tierreiche (Distribution and Cause of Parthenogenesis in the Plant and Animal 
Kingdoms) (Lederberg & McCray 2001). Within, “gen”, the German word for gene, 
was concatenated with the suffix “-om”, derived from the Greek word “soma” 
(meaning body). Though a literal interpretation of this German form of the word may 
be the “body of genes”, Lederberg and McCray roughly translate Winkler's definition 
of the genome as “haploid chromosome set, which, together with the pertinent 
protoplasm, specifies the material foundations of the species”. 
 The Oxford English Dictionary offers both Winkler's “original” genome 
definition, as well as a more contemporary version, “the complete set of genes of an 
organism, species, organelle, etc.” Ironically, even though there have been profound 
advances in molecular and evolutionary biology since the 1920's, and it is now 
commonplace for the current life sciences climate to be described as the “post-
genomic era,” this contemporary definition is at best no more definitive than the 
original, and may even be interpreted to be more ambiguous instead: what does the 
genome define ! an organism or a species? And does a precise definition of a genome 
even matter? 
 Many would argue that a more comprehensive definition of the genome is a 
worthwhile pursuit, because as evident in both of the OED's versions, it is assumed 
that there is a relationship between genome content and taxonomy (and that taxonomy 
has significant academic, medical, environmental, legal and other implications). This 
is a particularly salient problem in regard to microbes since a cohesive taxonomic 
system, especially a species concept, remains elusive (Fraser et al. 2009; numerous 
others). Decades of molecular and genetic research have yet to yield a unifying 
! #!
species concept for microbes, so it is hoped that complete genome sequences will be 
the missing piece in the microbial taxonomy puzzle. 
 This dissertation aims to contribute a small part to a more comprehensive 
definition of the bacterial genome through the study of the microbial genome 
evolutionary dynamics of horizontal gene transfer and genome reduction. 
Specifically, I will describe our analyses of the codon usages of horizontally 
transferred genes in relation to the current dogma on their dynamics and fate.  I will 
also address how genome reduction through the accumulation of pseudogenes 
influences the evolution of bacteria in general, and more specifically, the evolution of 
host-specificity and pathogenicity. Though it was not a goal on the outset of this 
dissertation work to engage in the debate of microbial taxonomy, the data herein 
nonetheless contradict some of the current popular conceptions of microbial 
speciation. 
 If nothing else, this work will demonstrate that we are yet very far from the 
post-genomic era; rather we are merely at the beginning of understanding the 
complex dynamics of a lineage's information collection. This dissertation work will 
reinforce the idea that for a microbial (bacterial and archaeal) lineage, a catalog of 
genes is necessary, but not sufficient to define it, and that a seemingly constant state 
of evolution ! the processes and phenomena that cause many microbes to be in a 
regular state of genetic flux ! is just as critical to the conception and classification of 
microbial lineages as the genes themselves. 
 
The genomic era 
 The understanding of the hereditary essence of an organism has always been at 
the forefront of the life sciences. The era of molecular biology and genetics provided 
a vast body of knowledge on gene functions, pathways, processes, and even saw the 
discovery of a new domain of life, the Archaea — all essential pieces of the heredity 
puzzle. However, assembling a puzzle without a key is a difficult task. With the birth 
of the genomic era (which could be claimed to have occurred in 1995 when the first 
complete sequence from a living organism, Haemophilus influenzae, was released), 
the life scientist was thought to finally have a key. With 9880 individual complete 
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genome sequences from organisms within all domains of life currently publicly 
available (as of March 13, 2013 at 2:24 PM CST at 
http://www.ncbi.nlm.nih.gov/genome/browse/) and thousands more in process, the 
larger picture synthesis of all of the knowledge from the past century into cohesive 
organismal and evolutionary stories is an overriding goal. However, part of the reason 
that life sciences is still fully within the realm of the genomic era (rather than the 
post-genomic era) is that each newly sequenced genome adds more, and often novel, 
gene pieces to the puzzle. Thus, with each new genome, the challenge of assembling 
the thousands of genes into complete organismal stories becomes even more 
daunting, if not outright impossible.  This dissertation approaches this daunting task, 
not so much by assembling the thousands of individual pieces into a whole, but by 
looking for broader themes in groups of genes compared across closely related 
organisms. 
 In particular, though many view microbes as “simple” organisms, this 
dissertation was undertaken with the perspective that the study of microbes has been 
essential to some of the most profound life sciences advances in the last 100 years 
(some of which are detailed below), and that such study will remain just as important 
in uncovering some of the basic evolutionary dynamics of organisms. 
 
Microbial genome evolution 
 Prior to the availability of closely related strain sequences, a genome sequence 
was often thought of as a blueprint for an organism (of note, as of 13 March 2013, 
Wikipedia also offers the analogy of a genome as a book of stored instructions). 
However, as more genome sequences are completed, especially those of free-living 
microbes that live in competitive environments, the analogy of a blueprint no longer 
seems as apt. Instead, it is now commonly understood that microbial genomes are 
astonishingly dynamic and constantly subjected to forces of change. These changes 
span a spectrum from seemingly inconsequential (silent) to fundamentally altering, a 
“speciating” event. Thus, a more accurate conceptualization of a microbial genome 
sequence is that it is merely a portrait of that organism at a distinct moment in time 
and space. Nonetheless, these microbial genome portraits remain an essential tool to 
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uncovering fundamental evolutionary processes.  The fluid nature of microbial 
genomes is the key context for these dissertation studies; we analyze closely related 
lineage sequences — multiple genome portraits — in consideration of their ongoing 
propensity for change.  
 At the most basic level, the processes that fundamentally shape microbial 
genome evolution and variation are gene gain, gene loss, and maintenance of 
vertically inherited genes. It is also important to consider that genome evolution, 
including both gene gain and gene loss processes, are under the influence of the 
adaptive force of selection, but also the non-(and often mal-)adaptive processes of 
mutation, recombination and genetic drift (Lynch 2007). To summarize and study all 
of the known microbial genome evolutionary forces is well beyond the scope of a 
single dissertation, so I have chosen to focus primarily on the gene gain phenomenon 
of horizontal gene transfer and the gene loss phenomenon of pseudogene 
accumulation. The following sections provide background information on how both 
gene gain and gene loss influence microbial genome evolution. 
 
Gene Gain: Horizontal Gene Transfer 
 Well over a decade before the formal discovery of DNA structure, genetic 
material was known be mobile. It even was the mobile nature of genetic material that 
was a critical to DNA being realized as the conveyor of genetic information. In 1869, 
Friedrich Miescher isolated a substance from white blood cells, which he named 
nuclein (Dahm 2008).  From then through the early 1900's, though “nuclein” and its 
basic structure were already known to exist within cells, its function was not entirely 
clear. It was Frederick Griffith's 1928 discovery of the “transforming principle” — 
that genetic material from killed smooth Streptococcus pneumoniae could be 
transferred and subsequently alter a live rough trait S. pneumoniae — that was the 
catalyst for the discovery of DNA as genetic material (Griffith 1928). However, the 
speculative dogma at the time was that protein was the likely carrier of genetic 
information. This idea remained until the 1943 discovery of Avery, MacLeod, and 
McCarty that showed that DNA, not protein, was the “transforming principle” (Avery 
et al. 1944). From this point on, DNA was understood to serve a central role in 
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heredity; DNA was indeed the genetic conveyor. This understanding ultimately led to 
the central dogma, in which the fundamental units of heredity were understood to be 
genes (which in modern cellular life are primarily made of DNA). 
 The discovery of horizontal gene transfer, per se, is credited to a 1959 
observation of Ochiai, Yamanaka, Kimura, and Sawada (Ochiai et al. 1959; Akiba et 
al. 1960). They reported that antibiotic resistance could be transferred between 
Shigella and Escherichia coli strains. With the progression of the era of molecular 
biology and genetics, the mobile nature of DNA and its ability to impart profound 
phenotypic effects became an indispensable tool. As the ability to use generic transfer 
tools progressed, so did the ability to manipulate organisms. Even further, it has been 
known for almost 40 years that some of the key differences in closely related strains 
with vastly different lifestyles are derived from elements known to be of a mobile 
nature. For example, in the late 1960's the genetic factors of both hemolytic and 
enterotoxigenic E. coli strains were found to be transmissible to strains lacking such 
factors, and further, these factors were proposed to be plasmid-mediated (Smith & 
Halls 1967; Smith & Halls 1968). 
 Yet, despite the fact that nature was continually providing hints about the 
impact of the mobile nature of genes — transmissible factors could fundamentally 
alter some bacteria, and the mechanisms of transfer such as plasmids, phage, and 
transposons were regularly employed by biologists to move DNA to exert phenotypic 
effects — the role of horizontal gene transfer in microbial genome evolution 
remained not only vastly underestimated, but even controversial as recently as the 
mid-1990's (Syvanen 1994). It wasn't until nearly 30 years after Ochiai et al.'s 
discovery of horizontal gene transfer, when the genome sequences of closely related 
bacterial strains were available, that its profound affect on microbial genome 
evolution began to be widely recognized and accepted (Jain et al. 1999). 
 Once again, E. coli serves as an excellent example of this realization: in 2001 
the genome sequence of the enterohemorrhagic E. coli strain O157:H7 EDL933 was 
released, and the accompanying manuscript described that, “We find that lateral gene 
transfer is far more extensive than previously anticipated,” with greater than 25% of 
the genes being distinct from the non-pathogenic K12 strain MG1655 (Perna et al. 
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2001). Because these O157:H7-specific genes bear some of the hallmarks of transfer 
(specifically, largely encoded within phage elements), and the backbones of the two 
strains are strongly conserved, it was suggested that minimally 25% of the genes in 
O157:H7 resulted from horizontal gene transfer events (Zhang et al. 2007). As more 
genomes are completed and added to comparative analyses, the estimated 
contribution of horizontal gene transfer to a lineage increases. A comparative analysis 
of 17 strains of E. coli revealed that the average E. coli genome was comprised of 
about 5000 genes, of which only 2300 genes are held in common amongst all strains 
(called the “core genome”), suggesting that the contribution of horizontal gene 
transfer to the evolution of this lineage is even more profound than was demonstrated 
by the earlier studies (Rasko et al. 2008). Generally (in the case of many free-living 
microbes or facultative pathogens), a trend is that the more genomes of a lineage that 
are sequenced, the observed reservoir of genetic diversity increases (Rasko et al. 
2008; Touchon et al. 2009). For example, the same study that demonstrated that the 
E. coli core genome was ~2300 genes, also estimated that the genetic reservoir of 
“non-core” genes is at least 13,000 genes and that each new genome sequence is 
expected to contribute at least 300 novel genes to the reservoir (Rasko et al. 2008). 
Some have even suggested that horizontal gene transfer may account for 80% of a 
lineage (Lukjancenko et al. 2010). The appreciation of the ever-increasing 
contribution of horizontal gene transfer to a lineage has significant implications for 
classification, which will be addressed later in this chapter. 
 Two of the most profound examples of horizontal gene transfer are found with 
the eukaryotic domain — the “acquisitions” of the alpha-proteobacterial and 
cyanobacterial genome remnants to form the mitochondria and plastids, respectively. 
Beyond these examples however, the role of HGT in the evolution of eukaryotes 
remains unclear. Because it is relatively evident in nuclear genomes, gene duplication 
is presumed to be the major mechanism of gene innovation in eukaryotes, especially 
in multicellular eukaryotes. However the relative paucity of whole genome sequences 
of closely related eukaryotic lineages may be a limiting factor in the determination of 
the extent of horizontal gene transfer within this domain (given that the profound role 
of HGT in bacterial and archaeal genome evolution was vastly underestimated until 
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sequences were available for comparative analysis). Indeed, as more eukaryotic 
genomes sequences are released, HGT is now increasingly recognized as an important 
evolutionary influence in both uni- and multi-cellular eukaryotes. Also, it is already 
evident from the available eukaryotic data that even more recent HGT from Bacteria 
to eukaryotes is significant (Keeling & Palmer 2008; Andersson 2009). It is yet to be 
seen if the mechanisms and implications of HGT in the Bacteria and the Archaea will 
translate to or provide important insights into the genome evolution of eukaryotic 
lineages. 
 
The extent and genomic signatures of horizontal gene transfer: a function 
of lifestyle 
 It is now widely accepted that HGT is a major evolutionary factor in the 
genome evolution of the Bacteria and the Archaea (e.g., Treangen et al. 2011; Snel et 
al. 2002; Pal et al. 2005; Dagan et al. 2008). Even further, though it was once thought 
certain genes are immune to transfer, it is now evident that most, if not all, bacterial 
and archaeal genes have been affected by HGT at some point in their history 
(Nakamura et al. 2004; Sorek et al. 2007). Consequently, HGT, rather than 
duplication of genes, is now thought to be a major mechanism of genetic 
diversification in these domains. 
 The extent to which HGT is affecting a lineage at any point in time is largely a 
function of lifestyle. For example, soil is a complex ecosystem, comprised of millions 
of microorganisms of yet untold diversity. Life as a free-living microbe within an a 
complex microbial community allows for ample temporal and spatial opportunity for 
uptake of genetic material from a wide range of donors, both closely and distantly 
related, and from the environment itself, via phage, conjugation and uptake of free 
DNA. Further, survival in such a competitive environment may demand such uptake. 
When competition for carbon and energy sources in an ecosystem is fierce, 
advantageous gene acquisitions (e.g., the ability to metabolize a new substrate, and 
maintaining a diverse metabolic repertoire that allows for survival in the face of rapid, 
significant environmental changes), will presumably be readily functional and 
maintained in the recipient genome. 
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 The relationship between lifestyle and the extent of HGT within the Bacteria 
and the Archaea manifests in characteristic gene content and genome stability 
(Cordero & Hogeweg 2009; Konstantinidis & Tiedje 2004), and can also be evident 
by genome size. The most frequently transferred genes encode the functions of 
secondary metabolism, pathogenesis, signal transduction, transport and regulation 
(the “operational” genes), and are transferred over a seemingly limitless phylogenetic 
range. This is in contrast to the “informational” genes, those involved in transcription, 
translation, and replication, for which horizontal transfer appears to be a relatively 
rare occurrence (Jain et al. 1999). 
 The gene density of bacterial and archaeal lineages is consistent regardless of 
lifestyle, between 0.8 and 1.2 genes per kbp (Koonin & Wolf 2008). Genome size is 
therefore strongly positively correlated with total organismal gene numbers. Thus, 
given that certain gene types are more frequently transferred than others — e.g., large 
multi-gene islands of metabolic and catabolic pathways, and even genes for entire 
complex processes such as cytochrome c biogenesis (Kranz & Goldman 1999) — an 
expectation prior to the availability of hundreds of genome sequences was that the 
extent to which an organism is affected by HGT would be positively correlated with 
genome size. Indeed, at the extreme ends this is true. The largest bacterial genomes 
sequenced to date, Sorangium cellulosum and Ktedonobacter racemifer are soil 
inhabitants and have genomes >13 Mbp (Schneiker et al. 2007; Chang et al. 2011). In 
the case of S. cellulosum, its lifestyle as a free-living bacterium with social behavior 
is reflected by its large and diverse secondary metabolite (17 different loci) and 
regulatory capabilities.  
 Conversely, obligate intracellular organisms, such as endosymbionts, are 
dramatically less influenced by HGT. The smallest sequenced genomes to date are 
from bacterial endosymbionts including Candidatus Tremblaya princeps (139 kbp), 
Candidatus Hodgkinia cicadicola (144 kbp) Carsonella rudii (160 kbp) (McCutcheon 
& von Dohlen 2011; McCutcheon et al. 2009; Nakabachi et al. 2006). The small 
genome sizes reflect their reduced functional capacities and reduced diversity 
between strains of the same species. It is thought that the highly reduced genome 
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results from at least two different phenomena: 1) as the lineage becomes more 
dependent on its host to provide essential functions and is altogether restricted to a 
host cell for the entirety of its life, its opportunity for contact with foreign genetic 
material is reduced, and thereby its potential to undergo HGT is also drastically 
diminished, and 2) genome reduction processes (which will be discussed later in this 
chapter). 
 Overall, it has been shown that the distribution of genome sizes is bimodal, with 
the largest peak at 2 Mbp, followed by a smaller peak at 5 Mbp (Koonin & Wolf 
2008). Although all genomes less than 1 Mbp belong to endosymbionts and parasites, 
both free-living organisms as well as facultative parasites comprise these 2 peaks. For 
example, strains of the abundant free-living ocean bacteria, Prochlorococcus 
marinus, have smaller genomes (1.7–2.5 Mbp), but estimates of HGT within these 
genomes are ~50%, suggesting that the “species” is a composite (however, this 
genome is also undergoing genome streamlining and contraction as a function of its 
lifestyle, which will also be discussed later) (Zhaxybayeva et al. 2006; Shi and 
Falkowski 2008; Kloesges et al. 2011). Among the available genome sequences to 
date, the smallest free-living bacterium is Pelagibacter ubique (1.3 Mbp) 
(Giovannoni et al. 2005). This bacterium also happens to be one of the most abundant 
ocean bacteria. Its small genome size in part reflects that it no longer appears to be 
undergoing rampant HGT. It has no extrachromosomal elements, transposons, or 
phage genes (Koonin & Wolf 2008). 
 As P. ubique demonstrates, the degree to which an organism is affected by 
HGT is also reflected by its “genome stability”, which is a term used to conceptualize 
a genome's propensity to change (Mira et al. 2002; Tamas et al. 2002). Not 
surprisingly, the signatures of genome instability are elements of transfer ! IS 
elements, phage, plasmids, transposons, integrative conjugative elements, genetic 
transfer agents ! all of which are readily identified in a genome sequence. Because 
these elements may be capable of both initiating the excision of DNA from the donor 
and the integration of DNA in the recipient, as well as potentially providing 
recombinational hot-spots, lineages with greater numbers of these elements are 
thought to have more unstable genomes, and thereby, more affected by HGT. Free-
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living organisms tend to have many more IS elements, phage elements and plasmids 
than do obligate-intracellular organisms. Once again, this is expected as free-living 
organisms have much greater opportunity to come into contact with “foreign” DNA, 
and, as addressed above, a putative need to acquire new functions to survive in a 
more competitive environment (or to exploit novel opportunities/niches). 
 
A brief consideration of the barriers to HGT 
 As previously mentioned, it has long been known that the mechanisms of 
genetic transfer are transformation, conjugation, and transduction. More recently, 
genetic transfer agents (GTAs1), have been discovered and are thought to play a 
substantial role in shuttling genes between closely related organisms (McDaniel et al. 
2010). In order to appreciate the profound effect that HGT has on a lineage, the 
barriers of horizontal gene transfer must be taken into consideration. 
 For each mechanism of transfer, there are significant barriers to overcome at 
each step of the transfer process (Thomas & Nielsen 2005; Sorek et al. 2007). A gene 
must first be incorporated into the transfer process (e.g., in transduction, donor DNA 
must be excised from the donor genome and then packaged into phage particles) or 
free DNA can be directly released into the environment (when a cell is lysed, or the  
DNA is otherwise secreted). It is also possible that the transfer mechanism itself may 
have features that a recipient either selects for or against (e.g., surface exclusion; 
phage sensitivity). Next, the foreign DNA must not only be taken up into the cell, but 
it must also avoid active degradation from recipient cell foreign DNA defense 
mechanisms (restriction-modification systems, toxin-antitoxin systems, CRISPR 
elements). Foreign DNA must also include elements ensuring its replication, or must 
be integrated into a replicative element of the host so that it is passed on to daughter 
cells. 
 Once it is resident in the recipient genome, the foreign DNA is subjected to the 
recipient's mutational processes. Toxic horizontally transferred genes are rapidly lost 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1. GTAs are host-encoded tailed “virus-like” particles that are incapable of packaging their entire genetic material, and 
preferentially package the host genome over its own. Their main function seems to be to serve as generalized transducing 
particles that shuttle DNA between closely related bacteria; a population of GTAs is capable of packaging an entire host 
genome. (Stanton 2007; Lang & Beatty 2007) 
!
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(Sorek et al. 2007).  A foreign DNA may be neutral in a recipient genome, in which 
case it will be prone to accumulate mutations that will render it non-functional and, at 
the population level, it will be particularly subject to loss by random drift.  If the 
foreign gene is expressed (a potential significant hurdle in and of itself), it is 
presumed that the conferred function must minimally be neutral.  In the cases where a 
foreign gene is advantageous to a recipient, inactivating mutations are likely to be 
purified away and the new gene avoids drift to extinction in the population.  
 
Identification of horizontally transferred genes 
 In order to study the evolutionary dynamics of horizontally transferred genes, 
they must be reliably identified. “Foreign” horizontally transferred genes are 
commonly identified by sequence characteristics that are distinct from the vertically 
transferred “native” gene. This includes disparate base compositions (guanosine + 
cytosine content and dinucleotide frequencies), anomalous amino acid usage and/or 
codon usages (Daubin & Ochman 2004; Medigue et al. 1991). It is of note that these 
methods detect a minimum inventory horizontally transferred genes, particularly if a 
true foreign gene happens to bear the characteristics of the native genes (Hao & 
Golding 2006).  Though all of these sequence-based characteristics are important 
considerations in understanding the dynamics of HGT, we focus our studies on the 
codon usage of horizontally transferred genes (though we address other sequence 
aspects when they possibly confound our codon usage analyses).  
 As more whole genome sequences have become available, another method that 
has become increasingly important in the identification of foreign genes is the use of 
phylogenetic trees and BLAST searches, and whole genome sequence comparisons of 
closely related lineages.  Such analyses not only help identify the genes that 
distinguish strains, but also elucidate the relative timing of these acquisitions.  For 
example, a gene that is present in one strain to the exclusion of all other closely 
related strains — which we refer to as a unique gene — is more likely to have been a 
recent acquisition rather than a gene that was acquired in an ancestral lineage and 
subsequently lost amongst all other strains.  Conversely, a gene present across all 
closely related strains (e.g., a gene present in all Salmonella strains), but not present 
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in a common ancestral lineage (e.g., not present in E. coli), is also likely a horizontal 
acquisition, but (relative to a unique gene) is most likely an older acquisition.  In 
addition to codon usage analyses, this type of comparison of gene contents amongst 
closely related strains is essential to our studies. 
 Genomic context also facilitates the identification of horizontally transferred 
genes. Genes within the Bacteria and the Archaea are often clustered together within 
single transcriptional units called operons (and also likely within some Eukaryotes) 
and are apparently frequently transferred as an intact functional unit.  Thus, a gene 
that neither meets sequence nor phylogenetic criteria for characterization as a 
horizontally acquired gene, but is otherwise indicated to be a part of single 
transcriptional unit with other genes that do meet these criteria, is also likely to be a 
horizontally acquired gene.  Context also aids in the identification of horizontally 
transferred genes that are not obviously functionally or transcriptionally related in 
that genes that are flanked by elements of transfer are also likely transferred together.  
Both of these types of gene clusters are referred to as genomic islands.  
 
Genomic islands: elements of horizontal gene transfer 
 Though single gene horizontal acquisitions occur, it is increasingly apparent 
that entire operons or genes flanked by transfer elements are likely horizontally 
acquired together as units or genomic islands (GIs).  Acquisitions of GIs are now 
thought to be the essence of innovation amongst free-living and facultative microbes 
and are likely the most significant events in the evolution from a non-pathogen to a 
pathogen (Coleman et al. 2006; Groisman & Ochman 1996; Hacker et al. 1997).  
 GIs are generally considered to be multi-gene regions of related function, often 
containing entire operons and even multiple operons.  Initially, proposals for 
definitions of genomic islands were based on specific sequence characteristics 
including DNA segment size (e.g., contiguous DNA segments > 10 kbp), sequence 
composition, and associated functions of transfer.  A consistent pattern of genomic 
islands is that they deviate significantly from average genome sequence 
characteristics, with aberrant G+C content, dinucleotide frequencies, anomalous 
amino acid usage and non-native codon usages (Karlin 2001).  Also critical to the 
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definitions of genomic islands is their frequent association with elements of transfer, 
including, but not limited to, phage elements, insertion sequences, and transposase 
genes, which is indicative of either past or present mobility, and thus their horizontal 
acquisition.  Some islands, such as the CTX phage of Vibrio cholera and CTnDOT of 
Bacteroides thetaiotaomicron, are well known to be self-transmissible (Waldor & 
Mekalanos 1996; Cheng et al. 2000).  Other islands, such as SPI-1 of the 
Salmonellae, are thought to have lost all capacity for self-mobilization and are 
considered be a part of the host chromosome.  Such islands are completely dependent 
on chromosomal replication machinery for their propagation.  
 Increased whole genome sequence diversity has resulted in a vastly increased 
diversity of presumed genomic islands.  This has revealed that a stringent genomic 
island definition that relies on island size and other specific sequence features may be 
too restrictive and exclusive.  Some islands may have sequence features that are 
“host-like,” but are likely islands based on their limited phylogenetic distribution.  
Thus, more recent proposals for a genomic island definition shed their dependence on 
sequence-structure criteria and instead rely on phylogenetic distribution analyses as 
an indicator of horizontal acquisition.  Vernikos and Parkhill offer that “a 
fundamental property of GIs, independent of any a priori structural definition, is their 
horizontal origin: GIs are horizontally acquired mobile elements of limited 
phylogenetic distribution” (Vernikos & Parkhill 2008).  In a similar vein, Juhas and 
colleagues propose that genomic islands are “discrete DNA segments differing 
between closely related bacterial strains to which usually some past or present 
mobility is attributed” (Juhas et al. 2009).  Consistent with these more recent 
definitions of genomic islands, we identify genomic islands based on their sequence 
distribution across closely related strains.  As an example, the cob/cbi/pdu cluster (a 
43 gene region) of S. enterica has a G+C content similar to the vertically inherited 
genome, but is found in a limited phylogenetic distribution of the S. enterica serovars, 
to the exclusion of S. bongori and E. coli (at least for the entire region among 





What is the fate of functional horizontally transferred genes within new 
hosts? 
 As above, once stably integrated into the recipient genome, “foreign” 
horizontally acquired genes will be subject to the mutational forces of their new 
home. If foreign genes are maintained, current dogma dictates that they will 
ameliorate to the sequence characteristics of the recipient genome (Lawrence & 
Ochman 1997). Effectively, useful “non-native” horizontally transferred genes will 
become “native” recipient genes over time.  In addition, some have proposed that 
horizontally acquired genes have faster mutation rates than native genes. This has 
been attributed to both positive selection for useful genes and the relaxation of 
selective constraints (Daubin & Ochman 2004; Hao & Golding 2006; Marri et al. 
2007; Davids & Zhang 2008). 
 We use the concept of amelioration as the theoretical baseline for our studies of 
the codon usage of horizontally transferred genes.  Current dogma dictates that 
amelioration towards the host genome sequence preferences applies to all stably 
integrated, horizontally acquired genes.  If so, this would create a relative continuum 
of sequence characteristics (for our studies, codon usages) from the donor source(s) 
towards the recipient characteristics.  Within this framework, the more recently 
acquired a gene is (assuming its sequence characteristics vary significantly from the 
host genome upon acquisition), the less ameliorated it should be relative to earlier 
acquisitions.  This concept translates to whole genome phylogenetic trees in that 
genes at the tips of trees (e.g., unique genes) are less ameliorated, whereas genes at 
earlier branches found across multiple strains (species- or other taxa-specific genes) 
correspond to more ancient acquisitions.   
 A major caveat to the concept of amelioration is that some functional 
horizontally transferred genes may not be stably integrated into the host genome.  
Well characterized examples of  “unstable” horizontally transferred genes include the 
genomic islands of uropathogenic E. coli 563, the CTX phage of Vibrio cholera, and 
congujative transposon CTnDOT of Bacteroides thetaiotaomicron (Dobrindt et al. 
2002; Waldor & Mekalanos 1996; Cheng et al. 2000). In some cases, the instability of 
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genomic islands is thought to be secondary to a lack of pressure to maintain them.  
For example, the functions of the “unstable” genomic islands of uropathogenic E. coli 
are thought to be irrelevant under chronic infection states, and thus the islands are 
readily lost in such conditions.  However, “instability” or, more accurately in some 
cases, mobility seems essential to other genomic islands.  Though the CTX phage and 
CTnDOT can integrate into their host genomes, they are both well documented to be 
actively mobile and exert profound phenotypic effects in their hosts.  Even in the 
cases where genomic islands are not obviously actively mobile or are otherwise not 
directly associated with vehicles of transfer, they are still thought to be able to excise 
from the host genome and form circular intermediates that may be amenable to 
horizontal transfer. 
 
Codon usage of horizontally acquired genes: “the non-nonnative” genes  
 Much of this dissertation work will focus on the codon usages of horizontally 
acquired genes in the context of the current dogma of amelioration.  In doing so, we 
must consider the complexity of the possible evolutionary influences on codon usage.  
Gene expression (Gouy & Gautier 1982), codon-anticodon interaction (Grosjean & 
Fiers 1982), translation efficiency and accuracy (Grosjean & Fiers 1982), RNA 
secondary structure requirements (Hasegawa et al. 1979), contextual constraints (i.e., 
when the choice of codon is influenced by the neighboring codon) (Lipman & Wilbur 
1983), dinucleotide preference rules (Nussinov 1981), and codon pair preferences  
(Gutman & Hatfield 1989) may all influence the evolution of codon usage bias 
(Ikemura 1985).   
 Though the potential factors influencing codon usage are numerous and 
complex, the dogma within the field of codon usage has remained relatively simple.  
Genomes with biased (heterogeneous) codon usage assume a tripartite categorization 
of the genes (Médigue et al. 1991; Karlin et al. 1998).  The first two “categories” are 
more aptly viewed as a continuum ranging from “typical” genes to highly expressed 
genes.  Collectively, these two groups of genes are thought of as the “native” genes 
(Davis & Olsen 2010).  The codon usages of the highly expressed genes are thought 
to be under selection for rapid translation, such that their codon usages reflect the 
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most abundant charged tRNA species.  By default, the remaining category of genes is 
then assumed to be “non-native” (also known as, “foreign” or “alien”).  Generally, the 
codon usages of the “non-native” are genes considered to be “non-optimal” with a 
more abundant use of “rare” codons that are assumed to represent the least abundant 
charged tRNA species.   
 The comparative analysis of whole genome sequences has largely reinforced the 
correlation of codon usage with the ancestry of genes.  High expression and typical 
“native” genes are indeed most likely ancestral in nature and vertically transferred. In 
contrast, recently acquired “non-native” genes (identified by comparisons of strains 
of a species) are apt to differ from the native genes in G+C content and codon usage, 
often have unknown functions, and are likely HGT candidates (Karberg et al. 2011). 
  These codon usage categories are apparent through factorial correspondence 
analysis (FCA) or principle component analysis (PCA), which allow for the 
visualization of the multidimensional codon usage data.  By FCA, the spectrum of 
expression within genomes of heterogeneous codon usage is often visualized as a 
“rabbit head.” The typical genes comprise the head, the high expression genes form 
one ear, and the “non-native” genes form a second ear (Grantham et al. 1980; 
Medigue et al. 1991; Karberg et al. 2011).    
  There has been relatively little characterization of the codon usages of the “non-
native” genes, even though these genes potentially encompass critical species- and 
strain-differentiating genes, including genes presumably acquired together as  
genomic islands.  This is in part due to the fact that many non-native genes are often 
unique to a given genome and therefore are presumed refractory to comparative 
methods.  However, we will demonstrate in Chapter 2 that the comparative study of 
unique gene codon usages is possible and yields important insights into genome 
evolutionary processes (Karberg et al. 2011).   
 Also, the common assumption is that useful genes (of “non-native” character) 
will ameliorate to the native codon usage of a genome.  However, not only does this 
assumption discount the potential of alternate codon usage schemes and complexity, 
but also glosses over the fact that genes with non-native codon usages potentially 
encompass two very different groups of genes: 1) those that are under even more 
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relaxed selection constraints than the typical genes and/or genes that are altogether 
drifting or even decaying such that they no longer match the native codon usages, and 
2) genes that are presumably recently horizontally acquired such that their codon 
usages are still distinct from the recipient genome.  The main distinction between 
these genes is functionality. The former group is likely rarely useful (if at all), 
whereas the recently acquired genes are presumably of some regular use to their host 
(though non-harmful, non-useful foreign genes would also be subject to drift).  Useful 
recently acquired genes are then subject to some level of selection, minimally for 
maintenance of function, but are also presumed to be under the host genome 
mutational pressures towards amelioration.  Simply, useful horizontally acquired 
genes are predicted to ameliorate, whereas non-useful genes will drift.  Distinguishing 
between the codon usage of these two groups of genes is potentially more difficult 
than distinguishing between the codon usages of the typical and high expression 
genes because there is less opportunity for codon usage diversity away from high 
expression.  However, under the current dogma, these two very different groups of 
genes are assumed to intersect in the same codon usage space.  Our work will address 
this assumption.  Aside from these considerations, nature’s repeating pattern of the 
lower G+C content and “non-native” codon usage of genomic islands relative to the 
“native” genes, suggests that there are more complex processes at play, and merits 
deeper scrutiny than is provided by current dogma.  
 
Horizontal gene transfer: implications for microbial classification 
 The integration step of horizontally transferred DNA into a recipient genome 
not only provides a significant barrier to HGT, but is also at the core of the 
controversy of the effect of HGT on microbial classification. Some even interpret the 
extent of HGT as antithetical to the idea of microbial speciation altogether (Doolittle 
& Papke 2006; Gogarten et al. 2002). Nonetheless, for both academic and practical 
(e.g., medical, legal and environmental) reasons, clarifying species concepts for the 
Bacteria and the Archaea continues to be a relevant pursuit. 
 Microbes are currently classified according to traditional Linnaean taxonomy. 
Ironically, microbes were initially left out of this classification system; at the time of 
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its inception, only eukaryotes and minerals were worthy of such classification 
(Achtman & Wagner 2008). Perhaps even more ironically, though this classification 
system was eventually adopted for microbes, the definition of a microbial species 
(much like the understanding of the genome) still remains the subject of great debate. 
 This debate is generally approached from two intertwined perspectives: theory 
and data-based models of microbial speciation. There are many theory-based models 
of bacterial evolution, a discussion and debate of which is a thesis unto itself. I will 
provide background on some commonly discussed models, because they substantially 
contribute to the more popular current conceptions of bacterial genome evolution. It 
is not the goal of this dissertation to define a microbial species, but the data contained 
within do have significant implications on these models and on the understanding of 
the primary source of diversification for some groups of organisms. 
 As more genomes become available and the ability to analyze them improves, 
the data-based approach of microbial speciation increasingly affects the theory-based 
definitions. The data-based methods that are used to delineate lineages or species 
include 16S rRNA (< 97% identity are not the same species), DNA-DNA 
hybridization (" 70% DNA association are likely the same species), average 
nucleotide identity (ANI) of orthologous genes ("94% identity are likely the same 
species) and multi-locus sequence typing (Konstantinidis & Tiedje 2005; Doolittle & 
Zhaxybayeva 2009). However, now that horizontal gene transfer is thought to affect 
nearly every gene (though, as above, some genes are less likely to be transferred than 
others), it is thought that no single method is entirely reliable. Thus, data-based 
classification now often relies on a “polyphasic” approach that combines the use of 
the aforementioned methods (and if the organism is cultureable, phenotypic 
characteristics) to come to a consensus classification based on a minimum number of 
contradictions (Vandamme et al. 1996; Gevers et al. 2005). 
 One theory-based definition of species is the biological species concept (BSC) 
(Mayr 1942; Gevers et al. 2005). Within the BSC, species are defined to be organisms 
that interbreed to produce fertile offspring. Though it is argued that the BSC is 
inapplicable for microbes, others suggest that the BSC concept can be extrapolated to 
microbes by defining species as populations for which homologous recombination is 
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found to occur at significant rates to the exclusion of other organisms (Dykhuizen & 
Green 1991). The barrier to homologous recombination (largely secondary to 
mismatch-repair mechanisms) in asexual organisms is thereby analogous to the 
barrier to gene sharing between sexual organisms to produce fertile offspring 
(Ochman et al. 2005). For example, the close relatives S. enterica and E. coli have 
long been classified as distinct species, and this has been reinforced by the low 
recombination rates between these two lineages relative to their intraspecies 
recombination rates (Baron et al. 1968; Rayssiguier et al. 1989; Schneider et al. 
1981). However, because the horizontally transferred genes discussed in previous 
sections are not acquired by homologous recombination, and they generally have 
significantly different sequence characteristics from their native genes, it is regularly 
assumed that the donors of these genes are unrelated to the recipients. Thus, gene 
sharing is occurring between organisms for which barriers to recombination have 
long been demonstrated (Baron et al. 1968; Matic et al. 1995). It is this type of gene 
sharing that has suggested by many to render ideas such as the BSC untenable. 
 Cohan and others advocate another theory-based model of microbial speciation, 
the ecotype model (Cohan & Perry 2007; Koeppel et al. 2008). Though there are now 
many variations and subtypes of the ecotype model, the general approach is that 
microbial evolutionary processes can be elucidated from the relationships between 
ecologically distinct populations and their specific DNA sequences. “An ecotype is 
defined here as a group of bacteria that are ecologically similar to one another, so 
similar that genetic diversity within the ecotype is limited by a cohesive force, either 
periodic selection or genetic drift, or both” (Cohan & Perry 2007). Effectively, an 
ecotype is a “coherent self-contained gene pool” that can be equated to a bacterial 
species (Fraser et al. 2009). Under these two cohesive forces diversity is transient. An 
ecologically distinct species population will accumulate mutations (in the form of 
nucleotide substitutions, recombination or HGT) until one adaptive mutant 
outcompetes all other members of the species. When one adaptive mutant 
outcompetes all others in the population this is referred to as periodic selection — the 
diversity that accumulated within other members of the population since the previous 
periodic selection is thereby purged.  Divergence becomes permanent when an 
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adaptation that allows for access to a new niche such that a new ecotype that does not 
compete with its ancestral ecotype arises.  Alternatively, and especially in the context 
of small population sizes, a mutation can be fixed and overall diversity can be 
reduced by genetic drift. A critique of the ecotype model of speciation is that by 
definition ecotypes must be ecologically distinct from one another, which is likely not 
the case for many microbes. Further, it assumes that ecotype-changing events are 
relatively rare, which conflicts with the now accepted fact that HGT is a widely and 
often occurring event.  A study by Roumagnac and colleagues has been suggested as 
an example of the insufficiency of the ecotype model of speciation (Roumagnac et al. 
2006; Achtman & Wagner 2008). Their analysis of globally distributed Typhi strains 
found that widespread use of the fluoroquinolone, naladixic acid (Nal) has led to the 
emergence of Nal-resistant strains, many of which are independent mutations.  
According to the ecotype model, such a strong adaptive trait should cause a swift 
periodic selection, but many Nal-sensitive strains continue to coexist in the same 
environment as the Nal-resistant strains. In addition, under the ecotype model of 
evolution, there should be gaps between ancestral and contemporary strains, though 
this study also reveals that strains evolve in a gradual continuous fashion. 
 
Formation of “novel” genes 
 Though horizontal gene transfer appears to be the predominant mode of gene 
gain within the bacterial and archaeal world, it is important to note that genetic 
novelty can also arise through intra-organismal generation of “new” genes.  
Duplication, reshuffling, and mutation of “native” genes can result in “new” genes of 
novel function.  Such genes are commonly referred to as paralogs (Jordan et al. 2001; 
Riehle et al. 2001). At present, the formation of novel genes is thought to play a more 
significant role in the evolution of multicellular Eukaryotes than it does within the 
Bacteria and Archaea (though this may be changing, Andersson 2009; Keeling & 
Palmer 2008).  Nonetheless, since gene duplication in particular is thought to be an 
important mechanism by which protein families rapidly expand, the intra-organismal 
generation of paralogs remains an essential process even in bacterial and archaeal 
genome evolution (Alm et al. 2006; Serres et al. 2009). Though these processes play a  
! #"!
 
significant role in genome evolution, they are largely beyond the scope of this 
dissertation. 
 
The pangenome concept: accounting for the genetic diversity within a 
lineage 
 The pangenome concept is an idea that is currently widely promoted as a way to 
reconcile the conflict of HGT between presumed distantly related sources and the 
barrier of recombination. Under the most common interpretation of this idea, a 
species can be defined by its core (shared) and accessory (or 
auxiliary/dispensable/variable) genes. The core genes are held in common amongst 
members of a species and are presumed to be infrequently shared beyond the species 
level. As such, the barrier of recombination is held intact (in keeping with the BSC 
and the ecotype model in that the core genome provides species cohesion). On the 
other hand, the accessory genes represent a different pool of genes, the accessory 
genome. Genes in the accessory pool may be found in some, but not all, members of 
the species, or may be altogether unique to the species. Under this view, the core 
genome provides species cohesiveness, whereas the presumed lack of cohesiveness in 
the variable genome explains the diversity within the species (Lefébure et al. 2010). 
 The presumed lack of cohesiveness arises from the fact that much of the 
accessory genome is comprised of genes present in only a few members. Indeed, not 
only may a gene be unique to a given genome, but altogether unique (to within the 
limits of our sampling). That is, unique genes may have no identifiable ortholog 
amongst all currently sequenced genes, and, in many cases, their functions are 
unknown (unique genes of unknown function are often referred to as ORFans) 
(Daubin & Ochman 2004; Siew & Fischer 2003). Because the unique genes of 
unknown function are typically shorter and have lower G+C content than non-unique 
genes, it was once thought that they were defective gene remnants that were merely 
being shuttled along with functional ones. However, a study demonstrated that unique 
genes (aka ORFans) are eight times more likely to be retained in recipient genomes, 
suggesting that they are likely imparting some function to the recipient organisms 
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(van Passel et al. 2008). In addition, in the cases in which unique genes do have 
identified functions, it appears that organisms utilize them in order to exploit their 
given niches. Further, unique genes may represent a significant part of a genome. In a 
study of 60 diverse bacterial and archaeal genomes, the unique genes comprised an 
average of 14% (ranging from 1.1% of Buchnera to 52% of A. pernix) of the total 
gene content (Siew & Fischer 2003). 
 The source of accessory genes is topic of great debate. Because these genes 
often have sequence characteristics distinct from the “native” genes of the genome, a 
common assumption within the literature is that the accessory genes originate from 
distant and unrelated donors, and that their sequence characteristics reflects that of 
their donors (van Passel et al. 2008; Ochman et al. 2005). Assuming disparate sources 
conflicts with the observation that many of the horizontally acquired genes in E. coli 
share a distinctive codon usage, suggesting that they come from a common source, 
possibly the host species themselves (Médigue et al. 1991; Daubin et al. 2003; Badger 
1999). 
 As previously mentioned, for some groups of organisms, the pangenome and 
accessory genome continues to expand with additional sequenced genomes. The 2008 
comparison of 17 E. coli strains demonstrated that the accessory genome represented 
~53% of a typical E. coli genome (Rasko et al. 2008). Rasko and colleagues further 
suggested that the E. coli pangenome is far from fully elucidated with each additional 
sequenced E. coli genome estimated to contribute ~300 more genes to the pangenome 
(Rasko et al. 2008). Thus far, subsequent findings by others have upheld this 
prediction. A 2009 analysis of 20 E. coli genomes (including 6 newly sequenced 
genomes) found that the average E. coli accessory genome increased to represent 
58% of the typical genome (average E. coli genome of 4721 genes, with the core 
genome reduced to 1976 genes), while the total pangenome was expanded to 17,838 
genes from the previously estimated 13,000 genes (Touchon et al. 2009; Rasko et al. 
2008). The contribution of the accessory genome to pangenome was then 
dramatically expanded by the 2010 analysis of 53 E. coli genomes in which the 
accessory genome was found to account for 80% of the average genome, and 90% of 
the pangenome (Lukjancenko et al. 2010). 
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 This expanding nature of the E. coli pangenome with each additional genome 
sequence is referred to as an “open” pan-genome. Though some lineages are thought 
to have “closed” or limited pangenomes including Bacillus anthrasis (Tettelin et al. 
2005), Staphylococcus aureus and Ureaplasma urealyticum (Tettelin et al. 2008), 
many other lineages are thought to have open pangenomes including Streptococcus 
(Donati et al. 2010; Tettelin et al. 2005), Prochlorococcus (Kettler et al. 2007), 
Listeria (den Bakker et al. 2010), and Legionella (D'Auria et al. 2010). Lapierre and 
Gogarten have even proposed that the pangenome of bacterial domain is infinite 
calling this the “infinitely many genes” model (Lapierre & Gogarten 2009). 
 For many lineages, not only does the accessory genome comprise the majority 
of the genome, but also it is comprised of the genes that distinguish them and thereby 
appears to be a major source of diversification. Thus, an understanding of the 
evolutionary dynamics of the accessory genome is essential to understanding the 
evolutionary dynamics of a lineage. However, due to the variable nature of this 
genome, the construction of a robust evolutionary history was largely thought 
intractable (particularly in the case of unique genes). Some of the work described 
within this dissertation (in Chapters 2 and 3) sought to circumvent this presumed 
limitation by employing codon usage analysis techniques. 
 
Genomic islands and the microbial pangenome 
 If a genomic island is by definition a DNA segment with limited distribution 
amongst closely related strains, then within the framework of the pangenome concept, 
such genes would comprise the accessory genome.  However, the partitioning of 
genes as core or accessory genes depends on the comparative framework.  For 
example, a consideration of the pangenome of Salmonella species only would 
partition the SPI-1 genomic island as a core gene region rather than an accessory gene 
region, given that this region is thus far found amongst all Salmonella strains.  This is 
in contrast to the framework used within this dissertation work, in which the 
pangenome structure of the Salmonellae is considered relative the pangenome of its 
very close relative E. coli.  Within this framework, the core genes are those held in 
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common to the Salmonellae and E. coli (2040 genes with at least 80% protein identity 
between 5 strains of each lineage), whereas genomic islands that differentiate these 
lineages, such as SPI-1 of Salmonella, are then accessory genes.  This latter 
framework is essential in the consideration of the gene acquisitions that lead to the 
divergence of these two lineages.  
 
Gene Loss: Pseudogene Accumulation 
 With horizontal gene transfer as one side of the bacterial genome evolutionary 
gene flow coin, gene loss is the flip side. Gene loss can occur through outright gene 
loss or gradual degradation. The latter results in loss of gene function due to 
inactivating mutations and eventual gene loss. Just as is the case with HGT, the 
processes of selection, mutation, recombination, and genetic drift are all significant 
evolutionary forces that must be taken into consideration. 
 All genes are subject to an organism's inherent mutation rate due to DNA 
replication error. Such mutations can be in the form of substitutions, deletions or 
insertions of nucleotides. Mutation can also arise from disruption by insertion of 
integrative elements. Regardless of the type, a mutation can be advantageous, and if 
so, it is most likely to be perpetuated in the context of positive selection. However, 
the more probable scenario is that a mutation is neutral, or “near-neutral,” and gene 
function is preserved. The third alternative is that a mutation is deleterious, eventually 
resulting in gene inactivation and gene loss. When deleterious mutations are not toxic 
to the organism, yet the gene remains in a non-functional state within the genome, the 
gene is termed a pseudogene. In the case of relaxed or no selection, a pseudogene will 
continue to accumulate mutations.  A back mutation to a restorative function would 
depend on the same random process of mutation, while also not accumulating any 
other inactivating mutations within the gene — altogether a low probability event 
without a significant selection (Dayhoff 1972). A compensatory mutation is also 
possible, but once again, not very probable in the context of relaxed or no selection. 
With time and accumulated mutations, a pseudogene can be lost from the genome 




The extent of pseudogene accumulation and genome reduction: also a 
function of lifestyle 
 The same principle that drives the extent of HGT in bacteria also drives genome 
reduction: pseudogene accumulation and genome reduction are a function of lifestyle. 
Generally, free-living bacteria have large genomes and few (identified) pseudogenes. 
As is the case with HGT, lineages in diverse, competitive environments maintain 
large and diverse genetic repertoires. 
 When mutations occur within free-living bacteria there are at least two key 
factors that keep large complements of pseudogenes at bay (Ochman & Davalos 
2006). Should a deleterious mutation lead to a competitive disadvantage, these cells 
will be rapidly outcompeted and will drift to extinction; that is, natural selection 
drives the maintenance of useful gene functions. Free-living organisms also often 
have large population sizes. This is the other key factor of gene maintenance: the 
larger the population, the stronger the purifying selection, and thus the lower the 
probability of genetic drift and fixation of any individual mutation. 
 With a couple of key exceptions (described below), the heralding event in the 
path of genome reduction via pseudogene accumulation is the transition from a free 
living to an intracellular lifestyle (Moran & Wernegreen 2000; Andersson and 
Andersson 1999; Tong et al. 2005; Toh et al. 2006; Moran 2002). Pseudogene 
numbers begin to increase (and conversely, functional gene numbers decrease) when 
a lineage acquires a more intimate association with another cell, particularly when 
bacteria gain the ability live within another cell (Gomez-Valero 2007; Dagan 2006). 
Obligate intracellular pathogens and endosymbionts typically have ~500–1000 
functional genes, whereas facultative pathogens and free-living bacteria maintain 
1500–6000 functional genes (Moran 2002; Toh 2006). 
 This intracellular lifestyle contributes to pseudogene accumulation in several 
ways. Host cells may provide a more stable environment than that of free living cells, 
the latter of which relying on diverse genetic repertoires to survive in rapidly 
changing conditions (the consistent loss of sigma factors in reduced genomes is 
thought to reflect this change) (Moran 2002; Madan 2003). A host cell is rarely 
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infected with more than one type of cell.  Thus, an infecting bacterium has 
substantially less competition and thereby less need to remain a large metabolic 
repertoire to compete for resources. Not only is there less competition for resources, 
but also the host cells themselves are likely to supplying resources or an 
advantageous capacity (such as detoxification of a metabolite) to the infecting cells. 
These two factors taken together make many genes within an obligate-intracellular 
pathogen or symbiont dispensable, so mutations that would be deleterious in a free-
living context are, within a host cell, presumably effectively neutral (and some would 
argue inactivation results in a better economy for the cell, and is thus advantageous).  
A further critical event of massive genome reduction is the inactivation of DNA 
repair genes (Dale et al. 2003).  This is a characteristic of most highly-reduced 
genomes, though the complement of reduced DNA repair genes varies in different 
lineages (Moran 2002). 
 The association with a host cell not only provides endosymbionts and pathogens 
with shelter from competing organisms and foreign DNA, but also results in 
relatively small population sizes. The effect of a small population size is that genetic 
drift predominates; even deleterious mutations are more likely to become fixed as 
these organisms are subjected to population bottlenecks.  It has been shown that as a 
lineage evolves an obligately intracellular lifestyle, its mutation rate increases 
substantially and/or there is a relaxation of purifying selection (Moran & Mira 2001; 
Wernegreen & Moran 1999; Moran 1996). Not only will mutations be fixed at a 
greater frequency in endosymbionts and obligate intracellular pathogens, but it has 
also been shown in the endosymbiont strains of Buchnera that amino acid substitution 
rates in functional genes are two times of that of their free living ancestors (Itoh et al. 
2002). 
 A profound example of pseudogene accumulation in bacteria is from the 
obligate intracellular pathogen Mycobacterium leprae. The 3.27 Mbp genome of M. 
leprae is comprised of 1604 functional genes (49.5% of genome) and 1133 
pseudogenes (27%) (Cole et al. 2001). 23.5% of the genome has been identified as 
non-coding, and likely includes gene remnants degraded beyond recognition, as well 
as regulatory sequences. Of the 1604 functional genes, 1439 are in common with its 
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relative Mycobacterium tuberculosis (4.41 Mbp, ~4000 genes), with only 165 genes 
unique to M. leprae (Cole et al. 1998). Though the precise factors behind such a 
massive genome decay in M. leprae remain unclear, it is of note that the DNA repair 
genes mutT, dnaQ, alkA, dinX, and dinP are all pseudogenes and likely play a 
significant role (especially with the loss of the dnaQ-encoded proofreading capacity 
of DNA PolIII). It also is thought that the acquisition of the ability to survive and 
grow in the Schwann cell, where there is presumably no other competing organism, is 
an essential component of this story. 
 Endosymbionts such as Buchnera aphidicola and Wigglesworthia glossinidia 
are obligate intracellular organisms and represent the end of the reduction road for 
independently replicating organisms with their very small, compact, and functionally 
minimal genomes (Gil et al. 2002). They also have very few pseudogenes, 
presumably because they have already gone through the gene erosion and loss process 
(Silva et al. 2001). As mentioned previously, all endosymbiont genome sequences 
have some missing DNA repair and recombination functions. The lack of these 
functions is thought to contribute to the low G+C contents of endosymbiont genomes 
(B. aphidacola APS: 26.3%, Wigglesworthia: 22%; this is also a characteristic of 
highly reduced obligate intracellular pathogens). Each of these endosymbionts has 
lost much of their biosynthetic capabilities, such that neither can survive outside of 
their host cells. However, the capabilities they have kept generally reflect their 
minimal needs as well as some needs of their respective hosts. For example, 
Buchnera has retained biosynthetic pathways for essential (to metazoa) amino acids 
(which it supplies to its host aphid), but has lost those of non-essential amino acids. 
Buchnera and Wigglesworthia also have only 1 and 2 rRNA operons, and 32 and 34 
tRNA genes, respectively, compared to 7 rRNA operons and 86 tRNA genes in E. 
coli. These endosymbionts also have highly reduced complements of sigma factors 
and other regulators, which reflects the fact that they no longer need to respond to 
changing environmental conditions. Despite the fact that these organisms are highly 
reduced, it is thought that these organisms are still undergoing genome reduction. 
 Continued reduction of endosymbionts is thought to lead to the “ultimate” form 
of reduction: the organelle (e.g., mitochondria and plastids) (Khachane et al. 2007; 
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Andersson et al. 1998). Though the evolution of organelles, particularly as they 
transition from independently replicating organisms, is the subject of great 
significance, interest and controversy, it will not be discussed within this dissertation. 
 The evolution of an intracellular lifestyle is not the only mode of genome 
reduction. The free-living abundant oceanic bacteria Prochlorococcus marinus strains 
MED4 (1.66 Mbp, 1716 ORFs, 30.8% G+C) and SS120 (1.75 Mbp, 1182 ORFs, 
36.4% G+C) and Pelagibacter ubique (1.3 Mbp, 1354 ORFs, 29.7% G+C) are 
distinct exceptions to the concept of intracellular lifestyle being the initiating event in 
genome reduction (Rocap et al. 2003; Dufresne et al. 2003; Giovannoni et al. 2005).  
These bacteria demonstrate a different mode of reduction termed genome 
streamlining.  Because these organisms exist in very large population sizes (P. ubique 
is estimated to comprise 25% of oceanic microbial life) in contrast to the small 
population sizes of intracellular pathogens and endosymbionts, they are highly 
resistant to genetic drift, and do not follow the same path of mutation fixation and 
accumulation. Thus, any indications of accelerated genome evolution within these 
organisms would most likely be due to accelerated mutation rates, per se (Dufresne et 
al. 2005). Like the small genomes of endosymbionts and intracellular pathogens, 
these genomes are low G+C (29.7%–36%). Among intracellular lineages this low 
G+C content has in part been attributed to mutational biases due to loss of DNA 
repair enzymes. However, P. ubique has the full complement of such enzymes, thus it 
has been suggested that a low G+C content might be advantageous and selected for in 
reducing the nitrogen requirement of these organisms that have very large population 
sizes. This has also been proposed for Prochlorococcus even though some strains 
lack the full complement of DNA repair genes. Further, the metabolic cost of 
replicating superfluous DNA is presumed to be too expensive (in energy and/or 
nitrogen) for lineages of very high population sizes altogether and, as such, this is 
asserted to be the main impetus of the extreme genome streamlining. Supporting this 
idea is the observation that P. ubique maintains the core proteobacterial functions, 
while there is little redundant and non-functional DNA (it possesses the smallest 
known average intergenic spacing of 3 bp) and the complete absence of evident 
recent duplications, pseudogenes, and phage genes. It is also thought that the small 
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genome of P. ubique allows for smaller cells and thereby a large cell surface to 
volume ratio, such that the cells have enhanced access to environmental nutrients 
(Ettema & Andersson 2009). Nonetheless, the precise mechanisms of reduction of P. 
ubique and Prochlorococcus in the context of large population sizes are unknown. 
 
The Salmonella enterica Serovars: An Ideal System to Study the 
Influence of HGT and Genome Reduction on Bacterial Genome 
Evolution 
Elucidating the roles of horizontal gene transfer and gene loss within the 
Salmonellae is no trivial task.  Since the divergence of the Salmonellae and E. coli 
from a common ancestor an estimated 100–140 million years ago, the Salmonella 
enterica serovars have evolved into more than 2600 serovars, with distinct pathogenic 
capabilities and different host ranges (Guibourdenche et al. 2012; Li et al. 1995; 
Doolittle et al. 1996).  Serotypes of E. coli have been estimated to be in the thousands 
as well, including the relatively recent discovery of environmental E. coli strains (Luo 
et al. 2011). 
 Nonetheless, the Salmonella enterica serovars are an ideal group of organisms 
to study these evolutionary processes. These strains are very closely related, but have 
distinct pathogenic capabilities and host ranges. For example, serovar Typhimurium 
is a generalist strain that has the ability to infect and cause disease in a wide range of 
organisms. This is in contrast to the host-specific serovars such as Typhi, which 
infects and causes disease in only one host, humans. Typhi also causes a severe 
systemic disease and can colonize end organs, whereas Typhimurium causes a mild, 
self-limiting gastroenteritis and is incapable of producing sustained infections beyond 
the gut. These distinct pathogenic capabilities of the serovars suggest that they would 
collectively possess a large and diverse gene repertoire between them, and thereby 
presumably a large set of horizontally transferred genes. Because they are so closely 
related, and relatively recently diverged, horizontal acquisitions are readily identified. 
 The first two genome sequences of the S. enterica serovars also revealed that 
generalist Typhimurium has ~40 pseudogenes, whereas host-specific Typhi has 204 
pseudogenes, reflective of Typhi's transition to a more intracellular lifestyle (Parkhill 
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et al. 2001; McClelland et al. 2001). Since these serovars have relatively recently 
diverged from one another, these initial findings on pseudogene numbers suggested 
that the S. enterica serovars would be an ideal system to study the early process of 
genome reduction via the formation of pseudogenes. 
Finally, the Salmonella enterica serovars represent an ideal system to study 
evolutionary processes because much is already known about them. There is no 
mistaking that these organisms have been the subject of much interest because they 
are human and animal pathogens, and a significant cause of foodborne-disease. 
Consequently, many of their basic biological and pathogenic functions have been 
genetically and biochemically characterized. This knowledge has been further 
enhanced with the complete sequencing of multiple serovar genomes (with still more 
serovar genomes in the process of being sequenced). In addition, much is also known 
about the “cousin” of the Salmonellae, E. coli (of which multiple strain sequences are 
available). Thus, the vast genetic, biochemical, and genomic knowledge the between 
these two genera in combination with the knowledge of relatively recent divergence 
and multiple diverse whole genome sequences provides an excellent opportunity to 
analyze the influence of horizontal gene transfer and gene loss in bacterial genome 
evolution in general, and more specifically, how these general principles apply to the 
evolution of pathogenicity and host-specificity.   
 
Overview of Dissertation 
 Chapter 2 describes the analyses of the codon usages of the unique genes from 5 
strains of S. enterica and 5 strains E. coli. The results of these studies provide the first 
known quantitative evidence that some groups of closely related, but traditionally 
distinct species derive the plurality of their unique genes from a supraspecies gene 
pool in which the codon usages of these unique “foreign” genes are more related 
between the species than are the core genes of the species.  I will also provide 
preliminary evidence that the phenomenon of supraspecies gene pools is widespread, 
found in other groups of Bacteria, as well as in the Archaea. Overall, these data also 
demonstrate that a phylogenetically circumscribed gene pool is the primary source of 
diversification for some groups of organisms. These pools appear to be a cohesive 
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force not fully accounted for by the BSC or ecotype models. On a practical level, 
these studies also demonstrate that the study of the unique genes within closely 
related organisms is viable and valuable undertaking. 
 An expansion of these analyses to the codon usages to the remaining presumed 
horizontally transferred genes of S. enterica and E. coli is detailed in Chapter 3. 
These analyses demonstrate that some anciently acquired “species-differentiating” 
(species-specific and other non-unique) horizontally acquired genes have a similar 
codon usage to the recently acquired genes of the supraspecies pangenome. The 
results of these studies challenge some of the current dogma on the fate of 
horizontally transferred genes — that all foreign horizontally transferred genes will 
ameliorate to host core genome characteristics. Though I will demonstrate that 
amelioration does occur for some horizontally transferred genes, I will provide 
evidence that this is not the case for all such genes. That is, this work shows that 
some presumably relatively “anciently” transferred genes do not appear to be 
ameliorating. Moreover, because these genes have a codon usage that is similar to the 
recently acquired genes of the supraspecies pangenome, it appears that these genes 
are resisting amelioration in a non-random fashion.  Further I will propose that this 
codon usage represents a secondary expression-related adaptive force, a stress-related 
adaptation that is distinct from the exponential growth-related codon usages. The data 
in Chapters 2 and 3 have implications on the general principles of the evolutionary 
dynamics of horizontal gene transfer within the Bacteria and the Archaea. 
 Chapter 4 is comprised of the analyses on the accumulation of pseudogenes 
found within the Salmonellae.  Though initial work on this this project sought to 
describe the pattern of pseudogene accumulation within the host-specific serovars 
relative to the generalist serovars of S. enterica using draft genome sequences 
produced at the University of Illinois, other organizations ultimately completed the 
sequences and published their findings in relation to pseudogene accumulation.  
Nonetheless, I compile these published findings to confirm that pseudogene 
accumulation occurs to a greater extent in the host-specific serovars relative to 
broader host range serovars.  I further provide an in-depth codon usage analysis of a 
region that appears to independently accumulate multiple pseudogenes within the  
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host-specific serovars. I attempt to relate these results to the evolution of host-
specificity and pathogenicity.  
 Chapter 5 describes my concluding observations of the findings in Chapters 2–
4.   Though this work ultimately leads to more questions than it answers, I outline 
some of these questions and how they can be addressed experimentally. 
 In summary, this dissertation aims to contribute a small part to a more 
comprehensive definition of the genome through the study of the microbial genome 
evolutionary dynamics of horizontal gene transfer and gene loss via the accumulation 
of pseudogenes. Especially significant are the analyses on the codon usages of the 
genes within the accessory genomes of S. enterica and E. coli. These data will 
challenge some of the current paradigms and dogma regarding the dynamics of 
horizontal gene transfer, the fate of horizontally transferred genes, the pangenome 
concept, and the definition of bacterial and archaeal species. 
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Chapter 2:  Similarity of genes horizontally acquired by 




Most bacterial and archaeal genomes contain many genes with little or no 
similarity to other genes, a property that impedes identification of gene origins. By 
comparing the codon usage of genes shared among strains (primarily vertically 
inherited genes) and genes unique to one strain (primarily recently horizontally 
acquired genes), we found that the plurality of unique genes in Escherichia coli and 
Salmonella enterica are much more similar to each other than are their vertically 
inherited genes. We conclude that E. coli and S. enterica derive these unique genes 
from a common source, a supraspecies phylogenetic group that includes the 
organisms themselves. The phylogenetic range of the sharing appears to include other 
(but not all) members of the Enterobacteriaceae. We found evidence of similar gene 
sharing in other bacterial and archaeal taxa. Thus, we conclude that frequent gene 








*  This chapter was adapted from the publication:  Karberg K, Olsen G, Davis J. 
2011. Similarity of genes horizontally acquired by Escherichia coli and Salmonella 
enterica is evidence of a supraspecies pangenome. Proc Natl Acad Sci USA.108: 
20154–20159. 
† This work was a co-first authorship collaboration with James Davis, a former 
Microbiology Ph.D. student in the Olsen Lab. Portions of this work also appear in 
James Davis’s Ph.D. dissertation. 
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Introduction 
 Microbiologists have long advocated the sequencing of diverse microbial 
genomes to enhance our understanding of physiology, phylogeny, and evolution. 
Genome sequences commonly reveal unique genes, even among close relatives. 
Although it is known that horizontal gene transfer contributes to species differences, 
strains of the same species can differ by as much 30% of the gene complement (Perna 
et al. 2001; Siew & Fischer 2003; Fischer & Eisenberg 1999). This finding has led to 
a perspective in which microbial genomes are composed of a core set of vertically 
inherited genes that are common throughout the species and a set of variable genes 
that are acquired horizontally and can be unique to a given strain (Tettelin et al. 2005; 
Rasko et al. 2008).  As discussed in the introductory chapter, many genes within a 
lineage are altogether unique with no homologs.  Further, counter to expectation, the 
numbers of unique genes continue to increase with increasing whole genome 
sequence diversity.  
Acquisition of unique genes is presumably one of the key factors in the 
diversification between even very closely related organisms. However, prior to these 
dissertation studies, surprisingly little was known about the evolutionary dynamics of 
unique genes.  This lack of understanding about the unique genes, especially the 
sources of these genes is at the heart of an often contentious debate over the 
legitimacy of speciation altogether.  With the “core” genome an increasingly smaller 
fraction of the gene set in many diverse lineages, while the unique and other 
accessory gene sets that are presumed to originate from distant sources increase 
(implying that gene sharing is occurring well beyond a species level), how relevant is 
a barrier of recombination (assuming this barrier applies to core genes) in defining a 
species? Further, does a lineage have a predilection or selection for certain types of 
genes, or is unique gene uptake simply a matter of serendipity?  Obviously, a key to 
answering the more complex questions about classification is a more refined 
understanding about the evolutionary dynamics of unique genes.  
 Amongst the more elusive aspects of horizontal gene transfer is an answer to 
the question: where do the unique and accessory genes come from? Two avenues of 
investigation have shaped our understanding of horizontal gene transfer: the genetic 
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study of recombination of homologous genes among close relatives (bacterial 
genetics) and the phylogenetic study of nonhomologous transfer of genes from distant 
relatives (molecular phylogeny). Homologous recombination usually replaces 
existing genes with related sequences, and so is unlikely to introduce novel genes into 
a genome. Nonhomologous gene transfers can introduce novel genes, but 
phylogenetic analyses cannot reveal the sources of these genes when related genes 
have not been detected in other genomes. 
In most genomes, the vertically inherited genes are adapted to codon usages 
characteristic of their genome and expression level (Grantham et al. 1980; Sharp and 
Li 1987). In contrast, horizontally acquired genes often have distinctive guanosine + 
cytosine content (G+C), dinucleotide frequencies, amino acid and codon usage 
(Daubin and Ochman 2004; Médigue et al. 1991), giving rise to an assumption that 
the transferred genes originate from phylogenetically distant and disparate sources 
(Ochman et al. 2005; van Passel et al. 2008). However, assuming disparate sources 
conflicts with the observation that many of the horizontally acquired genes in E. coli 
share a distinctive codon usage (Médigue et al. 1991; Badger 1999; Daubin et al. 
2003), suggesting that they come from a common source, possibly the host species 
themselves (Daubin et al. 2003). 
The observation of distinctive codon usage of horizontally transferred genes 
also potentially conflicts with the current dogma of codon usage. In genomes with 
heterogeneous codon usage, horizontally transferred genes consistently localize to the 
“non-native” ear of codon usage within a FCA.  The general consensus within the 
literature is that the codon usage of this ear represents a lack of translational selection. 
We discussed some critical pitfalls of this assumption in Chapter 1.  Namely, genes of 
“non-native” codon usages potentially encompass two very different types of genes: 
functional recently acquired genes and genes that are drifting and decaying such that 
they no longer match the native codon usage.  To reiterate, current dogma assumes 
that these two distinct groups of genes will intersect in the same codon usage space.  
This raises the question: how can presumably functional horizontally transferred 
genes be useful, but have a similar codon usage to drifting or decaying genes that no 
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longer match the native usages?  Because unique genes are the most likely candidates 
for recently acquired genes, we can begin to address this commonly held assumption.   
 
Materials and Methods 
Coding sequence data 
 Unless otherwise indicated, genome sequences and coding regions were 
retrieved from the ftp site of the NCBI Bacterial Genomes collection (NCBI Bacterial 
Genomes 2010; Overbeek et al. 2005). Data for Escherichia coli str. K-12 substr. 
MG1655, and Salmonella enterica subsp. Enterica serovar Typhimurium str. LT2 
were retrieved in January of 2009. Data for Escherichia coli strains APEC 01, C 
ATCC 8739, CFT073, O157:H7 EDL933, and W3110, and for Salmonella enterica 
subsp. Enterica serovars Choleraesuis str. SC-B67, Dublin str. CT 02021853, 
Paratyphi A str. AKU 12601, and Typhi str. Ty2 were retrieved from in July of 2009.  
 Sequence data for the Yersinia pestis strains KIM 10, Angola, Antiqua, biovar 
Microtus 91001, CO92, Nepal516, and Pestoides F, and for Yersinia 
pseudotuberculosis strains IP32953, PB1, and YPIII were collected on February 13, 
2010. Data for other enterobacteria in Figs. S3 and S4 and Tables S5 & S6 were 
retrieved on July 21, 2010.  Sequence data for Agrobacterium tumefaciens C58, A. 
vitis S4, A. radiobacter K84, Methanosarcina acetivorans C2A and M. mazei Gö1 
were retrieved in July of 2009. 
 The protein coding sequences of all of the completed or nearly completed 
genomes of Bacteria and Archaea in the SEED database (Disz et al. 2010), as of 
February 14, 2010, were retrieved using the tools of the web services API (Nelson et 
al. 2010). The genome sequence data for the human gut microbiome organisms were 
produced by the Genome Sequencing Center at Washington University School of 







Identification of shared and unique genes 
 To analyze the horizontally acquired genes in a species we needed a method to 
accurately identify the genes in a genome that were most likely to have been recently 
acquired by horizontal gene transfer, and the genes that were most likely to have been 
vertically inherited since the divergence of the species being compared. We reasoned 
that the genes shared by all genomes in a diverse sampling of strains would be the 
best candidates for vertically inherited genes. Similarly, we reasoned that the gene 
sequences found in only one genome (i.e., unique genes) would be the best candidates 
for genes recently acquired (since the divergence of the sampled strains) by horizontal 
transfer (Smith et al. 1992). Genes in two genomes were considered to be orthologous 
(hence shared) if they were found to be bidirectional best hits using BLASTP 
(Altschul et al. 1997). Two genes were considered to be bidirectional best hits if they 
were each other’s best match between the two genomes being compared, had at least 
80% amino acid sequence identity, and matched over at least 80% of the protein 
length. These stringent parameters were used due to the close phylogenetic 
relationship of the genomes being compared. 
 We selected five strains of E. coli and five strains of S. enterica (above) to 
provide a good sampling of diversity within the respective species. A diverse strain 
sampling is important to identifying adequate numbers of horizontally acquired 
unique genes. We defined shared E. coli and S. enterica genes as genes linked by 
bidirectional best hits across all ten genomes. There were 2040 shared genes. For 
shared genes, we use the modal codon usage (below) from E. coli O157:H7 or S. 
enterica Typhimurium LT2 to represent the respective species in many of our 
analyses. Due to the one-to-one correspondence of the shared genes between 
genomes, and their overall high similarity between strains of the species (~98% 
average DNA sequence identity), using other strains to represent the shared genes of 
each species does not qualitatively change any of our results. 
 We defined genes as unique if they did not have a bidirectional best hit in any 
of the nine other genomes. The numbers of unique genes in each genome are included 
in Figure 2.4. Because the unique genes of each strain are distinct, we define the  
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unique gene modal codon usage of each species by combining the unique genes from 
all five strains, giving a total of 4001 E. coli unique genes and 1903 S. enterica 
unique genes. 
 We selected ten strains of Y. pestis and Y. pseudotuberculosis to provide a good 
sampling of the diversity within these closely related species. We defined Yersinia 
shared genes as those linked by bidirectional best hits across the 10 strains of Y. pestis 
and Y. pseudotuberculosis listed above. Similarly, we defined the unique genes of a 
Yersinia strain as those lacking bidirectional best hits in any of the 9 other Yersinia 
genomes. 
 The identification of shared and unique genes among the three Methanosarcina 
spp. was performed as described for E. coli and S. enterica except the BLAST 
matches required at least 70% amino acid sequence identity and covered at least 70% 
of the protein length (due to the greater interspecies divergences). The distances 
between the modal codon usages of shared and unique genes are displayed in Table 
2.8. 
 
Codon usage analyses 
 Most of the analyses in this study are based on modal codon usage (Davis & 
Olsen 2010). Analogous to a mode in statistics, modal codon usage is the expected 
codon usage frequencies that match the largest number of genes in a set of genes 
(with matching meaning that the gene is not significantly different; P < 0.1) (Davis & 
Olsen 2010). Relative to average codon usage, modal codon usage minimizes the 
effects of genes with aberrant codon usages. Native codon usage uses an axis to 
accommodate expression-related variation in codon usage (Davis & Olsen 2010). A 
gene that is significantly different (P < 0.1) from all points on the native codon usage 
axis is classified as nonnative. 
 Distances between codon usages were calculated as described within Davis & 
Olsen 2009). Briefly, a distance between two codon usages is computed in two steps. 
For each amino acid, the distance is the sum of the absolute differences in relative 
codon usage frequencies (a Manhattan-metric distance). The distance is 0 if the codon 
frequencies are identical, and 1 if there is no overlap in the codons used. Then, the 
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overall distance between two codon usages is computed as the square root of the sum 
of the squares of the amino acid distances (a multidimensional Euclidian distance). If 
all relative codon usages are identical for all amino acids, the distance is zero, 
whereas no overlap in the codons used (for all 18 amino acids with multiple codons), 
the distance is the square root of 18 (~4.2).  
 A Monte Carlo simulation was used to assess the expected difference in codon 
usage of samples from a common pool. The two gene sets compared were randomly 
redistributed into groups of the same size as the original sets, the modal codon usages 
were computed for the new groups, and the distances between the modes were 
computed. Values reported are mean ± SD of results from 10 randomizations. The 
software for calculation of modal codon usage and distances between usages are 
available for download at: http://www.life.illinois.edu/gary/programs.html, as well as 
at the Molecular Biology and Evolution website (Davis & Olsen 2010).  
 The uncertainty in distances and the significance of differences in distances 
were evaluated using bootstrap analyses (Efron 1979) in which one replicate is 
composed of a resampling of the 4,001 E. coli unique genes, a resampling of the 
1,903 S. enterica unique genes, and a resampling of the 2,040 orthologous pairs of E. 
coli O157:H7 and S. enterica LT2 shared genes. To test whether the distance between 
shared gene codon usages is significantly greater than the distance between unique 
gene codon usages, the distribution of the difference in distances among the bootstrap 
samples was examined. 
 For trees of codon usages, pairwise distances were converted to a corresponding 
tree using the neighbor-joining method (Saitou & Nei 1987), as implemented in the 
neighbor program of the PHYLIP package (http://evolution.genetics. 
washington.edu/phylip.html) (Felsenstein 1989). 
 Factorial correspondence analysis of relative synonymous codon usage (i.e., 
codon usage normalized per amino acid) was computed using CODONW (Peden 
1999). Factorial correspondence analysis and genome drawings were rendered using 
POV-Ray (http://www.povray.org/). All symbols are represented as spheres at a 
common depth, so that gene symbols can overlap without fully obscuring one 
another. 
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Interspersion of unique and shared genes 
  For the genomes of E. coli O157:H7 and S. enterica Typhimurium LT2, the 
number of distinct regions with one or more unique genes separated by a minimum 
number of shared genes was tabulated, with the required number of shared genes 
varying from 1 to 10. To qualify as a delimiter, the shared genes could have any 
unique genes interspersed. 
 
Possible source(s) of unique genes 
 For each of (i) the complete bacterial and archaeal genome in the SEED 
database (Overbeek et al. 2005) (accessed using the Web services API; Disz et al. 
2010), (ii) the genomes from the human gut microbiome project 
(http://genome.wustl.edu/pub/organism/Microbes/Human_Microbiome_Project/ 
GI_Tract/) (Nelson et al. 2010), and (iii) 17 additional enterobacterial genomes from 
NCBI (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/) (Wheeler 2007), the modal codon 
usages of the genome and of its nonnative genes were determined. For each of these 
codon usages, the unique genes in E. coli O157:H7 and S. enterica Typhimurium LT2 
that are not significantly different (P < 0.1) were identified, and the fraction of all 
unique gene codons in the matching sets (i.e., the number of matching genes weighted 
by their length) was calculated. 
 
Effect of G+C content on codon usage divergence 
 All of the genomes from the SEED database (Overbeek et al. 2005) that have 
more than one species within the same genus were analyzed. Then the modal codon 
usage for the genomes of each individual species was calculated, and the distances 
between the modal codon usages of each species within the genus were measured. In 
cases where multiple strains of the same species were available, the median distance 
of all pairs of strains is reported. In cases where more than two species of a genus 
were available, the distance between all pairs of species was measured, and the 




Agrobacterium chromosomes and plasmids  
 For comparisons of Agrobacterium species, the chromosomes of each species 
were used to represent vertically inherited genes, and the plasmids were used to 
represent recently horizontally acquired genes. For each genome, the chromosomal 
genes and the plasmid genes were pooled separately, and the modal codon usage for 
each set was computed. For this, the 2.65-Mbp replicon of A. radiobacter K84 was 
considered a chromosome. 
 
Results and Discussion 
Horizontally acquired genes are similar in codon usage  
 Seeking insight into the source(s) of horizontally acquired genes, we analyzed 
the codon usages of genes in five E. coli strains and five S. enterica strains. Each 
strain has different pathogenic traits and host ranges, as well as distinctive unique 
genes. To compare the horizontally acquired and vertically inherited genes, we 
needed an impartial method for identifying these gene sets in each genome. Given our 
interest in codon usages, we avoided criteria based on G+C content and/or codon 
usage, choosing instead criteria based on phylogenetic distribution of orthologous 
genes. We took the genes shared by all 10 strains as those most likely to have been 
vertically inherited and the genes unique to a single strain as those most likely to have 
been recently acquired by horizontal transfer (Smith et al. 1992). These criteria will 
miss some genes, but the number of false-positives will be very small, and the criteria 
are not biased by codon usage. 
 To characterize each set of genes, we computed modal codon usage, a metric 
less influenced by atypical genes than is the average (Davis & Olsen 2010). For 
shared (i.e., vertically inherited) genes, we used E. coli O157:H7 and S. enterica 
Typhimurium LT2 to represent their respective species. Because all unique genes are 
distinct, we represented each species by the pool of these genes across all five strains. 
Each modal codon usage is a point in a 59-dimensional space, and the relationships 
among the codon usages can be characterized by the distances between them (Table 
2.1, upper-right triangle). The distance between the shared gene codon usages of the 
two species (0.238) was 2.9 times larger than the distance between these species’ 
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unique gene codon usages (0.081). Most of this distance between the unique gene 
codon usages (0.051 ± 0.008) was due to finite sampling. 
We used bootstrap resampling to assess whether this difference in shared gene 
versus unique gene modal codon usage could be due to statistical error. Even though 
such an analysis is expected to result in increased distances between codon usages, 
the unique gene codon usages were still 2.3-fold closer than are the shared gene 
codon usages (Table 2.1, upper-right triangle, values in parentheses). In all 10,000 
resamplings, the unique gene codon usages were more similar than the shared gene 
codon usages (Figure 2.1), and from the distribution of values, we conclude that the 
difference is significantly greater than 0 (P ! 10!9). 
 Although we consider modal codon usage a superior method for analyzing 
heterogeneous data, the similarity of the unique gene codon usages is also seen in the 
average codon usages of the gene sets (Table 2.1, lower-left triangle). Although the 
similarity of the unique gene codon usages is less dramatic, the unique genes of the 
species are significantly more similar in average codon usage compared with the 
shared genes (P < 10!5) (Figure 2.1B). Thus, we conclude that the unique 
(presumably, the most recently acquired) genes of E. coli and S. enterica are more 
similar in codon usage than are these species’ shared (i.e., vertically inherited) genes. 
 We used projections based on factorial correspondence analysis to display the 
codon usages of the individual genes in the E. coli O157:H7 and S. enterica LT2 
genomes, as well as the modal usages of these genomes’ shared genes and unique 
genes. The proximity of the unique gene modes relative to the separation of the 
shared gene modes is evident in the plots created (Figure 2.2 and Figure 2.3). 
Qualitatively, the individual shared genes of the two species are offset in the plots, 
whereas the unique genes are more intermixed. 
 When the modal codon usages are compared across all strains, the distances 
between them (Table 2.3) yield a tree (Figure 2.4) that clearly separates unique genes 
and shared genes. The shared genes are further separated by species, consistent with 
independent divergence. In contrast, the unique gene codon usages for strains of the 
two species are interspersed. This interdigitation is not statistical noise due to smaller 
numbers of genes; when the numbers of shared genes were reduced to match the 
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numbers of unique genes, the shared gene modes always (1,000 replicates) separated 
by species in the resulting trees. 
 The unique genes are dispersed around their respective chromosomes and 
plasmids (Figure 2.5). When the separation of unique genes by at least one 
intervening shared gene is taken as evidence of independent acquisition, the unique 
genes of E. coli O157:H7 and S. enterica LT2 are divided into 172 and 71 distinct 
regions, respectively (Table 2.4). Thus, the similarity of the unique genes is not an 
artifact of a small number of transfers that happen to have sampled similar sources. 
 
Why are the unique gene codon usages so similar?  
 We consider three categories of possible explanations for the similarity in 
unique gene codon usages: convergence by random drift, acquisition from a common 
source of genes, and intraorganismal selection. Is it plausible that the unique genes 
are threefold more similar in codon usage compared with the shared genes because 
they have independently drifted to a common value? We address this question from 
two perspectives: whether or not the shared gene codon usages fit a simple drift 
model, and the statistical difficulty of getting threefold closer. 
 To postulate that independent drift makes the unique genes much more similar 
compared with the shared genes, we need to define the endpoint of the presumed 
drift. Two obvious trends are the drift toward lower G+C content, particularly at third 
position of the codons, and a more equal use of synonymous codons. These trends 
have been attributed to drift accompanying the relaxation of translational selection 
(Ikemura 1981; Sharp & Li 1986a; Sharp & Li 1986b). However, neither effect is 
reflected equally across sets of synonymous codons, Tables 2.2 and Table 2.5). The 
amount of drift toward a presumed unselected codon usage at third codon positions 
differs greatly among amino acids, and the use of silent site purines and silent site 
pyrimidines do not extrapolate from one amino acid to another (Table 2.5). These 
data are not consistent with a uniform relaxation of codon bias in the unique genes. 
The complexity of the observed pattern of codon usage leads us to conclude that 
random drift to some equilibrium value could not have caused the similarity seen in 
the unique genes of E. coli and S. enterica. 
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 Although the foregoing codon usages do not appear to be the result of a simple 
drift model, we also must consider the possibility that the unique gene modal codon 
usages are threefold closer by chance. However, this is threefold closer in a 
multidimensional space, in our case, a space with 41 degrees of freedom. At first 
approximation, there are 3!41 (! 3 # 10!20) times as many possible codon usages 
within a distance of 0.08 (the distance between unique gene modes) as within a 
distance of 0.24 (the distance between shared gene modes). That is, assuming that all 
codons are influenced independently by drift, the probability of the unique genes 
drifting from the shared gene codon usage and converging on codon usages that are 
threefold closer is less than 1 in 1 quadrillion. Even if the drift were biased, the biases 
would need to be more similar for the horizontally acquired genes than for the 
vertically inherited genes. 
 We conclude that these data are not consistent with a uniform relaxation of 
codon bias in the unique genes, or with a random accumulation of neutral mutations. 
Any theory that proposes that similarities in E. coli and S. enterica unique gene codon 
usages are due to random drift must explain how the unique gene modal codon usages 
can independently converge on the same tiny subset of codon usage space while 
maintaining a complex pattern of third codon position base preferences.  Thus, the 
current assumptions regarding the codon usage of the non-native ear are inadequate. 
The codon usages of the unique genes are distinct from a codon usage that would be 
expected under the specter of drift or a simple relaxation of translational selection.  
This implies that there are other factors that influence the codon usages of genes 
within the non-native ear.  Ultimately, we conclude that the unique genes are not 
accommodated by the selection-mutation-drift theory of codon usage evolution 
(Sharp & Li 1986a; Sharp & Li 1986b). 
 The possibility of a common source of unique genes raises the question of 
where the donor pool resides. It is hard to avoid the conclusion that the reservoir of 
unique genes is cellular life; although they are essential vectors of transfer, plasmids, 
phage and naked DNAs do not replicate without a host cell. 
 Given the dramatic codon usage differences between shared and unique genes 
in a genome, it has been appealing to suggest that the unique genes come from a 
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phylogenetically distinct source (Ochman et al. 2005; van Passel et al. 2008). We 
searched for potential donor source(s) of genes among the complete microbial 
genomes and sequenced human gut microbiome isolates. Although this search was 
limited to a methodology that is applicable to all genomes, the best potential sources 
of these genes appear to be the nonnative genes of E. coli, S. enterica, and other 
Enterobacteriaceae, including Citrobacter, Cronobacter, Enterobacter, 
Pectobacterium, and Shigella (See Tables S5 and S6 from Karberg et al. 2011 and 
Figs. 2.6 and 2.7 below). This codon usage similarity does not span all 
Enterobacteriaceae, however. In particular, the distances from the Yersinia unique 
gene modal codon usage to those of S. enterica and E. coli unique genes (0.307 and 
0.329, respectively) are fourfold greater than the distance between the E. coli and S. 
enterica unique genes (0.081) (Figure 2.8), and non-native gene codon usages of 
Yersinia spp. do not match as many E. coli and S. enterica unique genes as do the 
nonnative gene usages of the other aforementioned Enterobacteriaceae (Tables S5 and 
S6 from Karberg et al. 2011 and Figures. 2.6 and 2.7 below). 
 It would be difficult to explain the similar codon usages by selection in gene 
transfer or maintenance. The unique genes in these genomes are products of phage-, 
plasmid-, and transposon-mediated transfers. We are unaware of any evidence 
indicating that these gene transfer mechanisms select for a specific codon usage. 
Indeed, the mosaic nature of many mobile elements demonstrates that these 
mechanisms tolerate different codon usages (Davis & Olsen 2010; Schlesinger et al. 
2007). Similarly, we are unaware of any integration mechanism that selects for a 
particular codon usage. 
 To persist, an integrated gene must not be harmful. Accordingly, a striking 
property of the unique genes in E. coli and S. enterica is that they are not random 
samples of an organismal genome; they almost entirely lack paralogs of universal and 
highly conserved genes, a property that previous studies have attributed to toxicity in 
a recipient (Sorek et al. 2007). The nearly complete absence of paralogs of core genes 
also may suggest that some form of punctuation (e.g., unidentified re-combination 
sites) distinguishes DNA regions that are most successfully transferred from those 
that are less successfully transferred. Avoiding toxicity may select for lower G+C 
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content via proteins like H-NS, which nonspecifically repress expression of low G+C 
genes (Navarre et al. 2006; Dorman 2007), but there is no evidence suggesting that 
this is related to codon selection per se (Navarre et al. 2006; Dorman 2007). Any 
resulting reduction in G+C content minimally constrains codon usage; we found 
comparable codon usage diversity within genera spanning 35–65% genomic G+C 
content (See Table S7 in Karberg et al. 2011 and Figure 2.9 below). 
We looked for a possible codon usage convergence of E. coli and S. enterica 
gene sequences with lower G+C content. When genes are drawn from a common 
pool, G+C content has a small (but finite) influence on codon usage distances, but the 
divergence between E. coli and S. enterica is much larger (Figure 2.10), particularly 
at higher G+C content. We also repeated the analyses presented in Table 2.1, but 
limited to genes with 52% ± 2% G+C content (Table 2.6). The unique genes were 
twice as close in codon usage compared with the shared genes. 
 Long-term persistence of a gene requires replication, repair, and occasional 
usefulness. Several authors have concluded that recently acquired genes have higher 
substitution rates as they adapt to their host genome (Hao & Golding 2006; Kuo & 
Ochman 2009; Davids & Zhang 2008); however, such selection would be expected to 
increase the variation in synonymous codon usage, not to lead to convergence on a 
common value in distinct species. The best-documented phenomenon affecting codon 
usage of acquired genes is amelioration (Lawrence & Ochman 1997); however, 
amelioration does not explain the distinctiveness of unique genes from the host codon 
usage or the extreme similarity of these genes between species. 
 Thus, we propose that a plurality of the unique genes in E. coli and S. enterica 
genomes have similar codon usages, because they are drawn from a common 
biological reservoir that extends further than previously suggested (Tettelin et al. 
2005; Medini et al. 2005), going far beyond the phylogenetic range of homologous 
recombination (Baron et al. 1968; Rayssiguier et al. 1989) and crossing species 
boundaries. Although alternatives are possible, they would require selecting the same 
codon usage for the genes acquired by two species, while allowing the codon usages 
of their vertically inherited genes to diverge. 
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Related observations in other taxa 
 This phenomenon, the similar codon usages of horizontally acquired genes in 
related species, may be phylogenetically widespread. A comparison of 
Agrobacterium species revealed that the modal codon usages of their plasmids, which 
have very different gene contents, are more similar (distances of 0.061–0.139) than 
the modal codon usages of their chromosomes (distances of 0.209–0.392) (Table 2.7). 
Moreover, a comparison of the Archaea Methanosarcina acetivorans and 
Methanosarcina mazei found that the unique gene modes are closer than the shared 
gene modes (Table 2.8). However, this trend is less consistent with the more distant 
species M. barkeri (Table 2.8), and we did not find similarity in the unique gene 
codon usages among strains of Bacillus (cereus subgroup), Streptococcus, and 
Sulfolobus. Whether this finding is related to limitations in strain sampling, to noise 
due to small numbers of unique genes, or to a true lack of codon usage similarity in 
the unique genes is unclear. 
 
Concluding Observations 
Our data indicating that a plurality of unique genes in E. coli and S. enterica are 
nearly indistinguishable in codon usage are not easily reconciled with random drift or 
uptake from distant phylogenetic sources (Ochman et al 2005; van Passel et al. 2008), 
but are more consistent with the concept of drawing on a common gene pool. These 
findings call into question both traditional and contemporary ideas of microbial 
species.  In traditional views such as the BSC, E. coli and Salmonella are proposed to 
be distinct lineages due their barriers of recombination.  Many have already 
advocated that horizontal gene transfer renders BSC-based views on speciation 
inapplicable.  Our data that S. enterica and E. coli are sharing a pool of genes beyond 
their currently defined species boundaries could be interpreted to support opposition 
to BCS-based speciation. However, we have also observed there is a relative limit of 
this gene pool, suggesting that there may be some taxonomic value in identifying 
pools of horizontally transferred genes.  
These data also have ramifications for ideas on speciation under the ecotype 
model.  Our findings suggest that there are at least two distinct gene pools within 
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Salmonella and E. coli, the shared genes and the unique genes.  If an ecotype is a 
“coherent self-contained gene pool” that can be equated to a bacterial species (Fraser 
et al. 2009), which gene pool should be used to define a species? If the shared genes 
are used, then the current species designations are intact.  However, the unique gene 
pool is larger than the shared gene pool, so it seems remiss to discount this entire set 
of genes in considerations of taxonomy. If the unique gene pool defines the “coherent 
self-contained gene pool”, Salmonella and E. coli would be a single species.   
The pangenome concept posits that members of a species are composed of a 
shared set of core genes and a collection of accessory genes present in some, but not 
all, members of the species (Tettelin et al. 2005; Medini et al. 2005). This concept 
does not exclude DNA acquisition from more distantly related donors, but does 
propose that exchanges of a phylogenetically circumscribed gene pool are the primary 
basis of diversity in a species. Although conceptually in accordance with this 
pangenome concept, our data suggest that frequent exchange extends beyond a 
biologically meaningful definition of species. The distinctive codon usage of the 
exchanged genes presumably results from a complex history of genomic 
environments during passage through a series of hosts, none of which retain the genes 
long enough for them to ameliorate to an individual host codon usage (van Passel et 
al. 2008; Lawrence & Ochman 1997). Although homologous recombination has a 
profound influence in close relatives, and some genes are transferred across vast 
phylogenetic distances, we are now defining an intermediate range over which 
transfer appears to be rampant, creating a supraspecies pangenome. 
Finally, in addition to the implications on taxonomy, these findings also 
indicate that the codon usage of the “non-native” ear is more complex than previously 
assumed.  The codon usage of the unique genes is not consistent with a uniform 
relaxation of codon bias in the unique genes, or with a random accumulation of 
neutral mutations. Thus, there must be other factors that account for this codon usage.  
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Table 2.2 Modal codon usage frequencies of shared and unique genes from E. coli and S. 
enterica.  The shared gene modal codon usages are those of E. coli O157:H7 EDL933 and S. 
enterica subsp. enterica Typhimurium LT2.  The unique gene modal codon usages are based 
on the combined unique gene sets for five E. coli and five S. enterica genomes.   The last two 
columns are one half the absolute difference in the E. coli and S. enterica frequencies, and 
hence the amount that the particular codon contributes to the difference between the 
respective distance. 
  Modal codon usage frequencies  abs diff / 2 
aa codon Ec shr Se shr Ec uni Se uni  shared unique 
A GCA 0.199 0.119 0.281 0.236  0.040 0.022 
 GCG 0.368 0.462 0.241 0.269  0.047 0.014 
 GCT 0.152 0.121 0.224 0.229  0.015 0.002 
 GCC 0.281 0.299 0.253 0.266  0.009 0.006 
C TGT 0.456 0.422 0.502 0.506  0.017 0.002 
 TGC 0.545 0.578 0.498 0.494  0.017 0.002 
D GAT 0.625 0.608 0.638 0.625  0.008 0.007 
 GAC 0.376 0.392 0.362 0.375  0.008 0.007 
E GAA 0.679 0.617 0.622 0.607  0.031 0.007 
 GAG 0.321 0.383 0.379 0.393  0.031 0.007 
F TTT 0.576 0.585 0.607 0.598  0.005 0.004 
 TTC 0.424 0.415 0.393 0.402  0.005 0.004 
G GGA 0.110 0.119 0.213 0.213  0.005 0.000 
 GGG 0.164 0.172 0.208 0.208  0.004 0.000 
 GGT 0.328 0.218 0.298 0.268  0.055 0.015 
 GGC 0.398 0.492 0.281 0.311  0.047 0.015 
H CAT 0.584 0.579 0.585 0.589  0.003 0.002 
 CAC 0.416 0.421 0.415 0.411  0.003 0.002 
I ATA 0.068 0.077 0.213 0.213  0.005 0.000 
 ATT 0.524 0.505 0.447 0.451  0.009 0.002 
 ATC 0.408 0.417 0.341 0.337  0.005 0.002 
K AAA 0.743 0.719 0.674 0.656  0.012 0.009 
 AAG 0.257 0.281 0.326 0.344  0.012 0.009 
L TTA 0.122 0.117 0.159 0.165  0.002 0.003 
 TTG 0.140 0.123 0.131 0.122  0.009 0.004 
 CTA 0.043 0.052 0.071 0.073  0.004 0.001 
 CTG 0.483 0.496 0.355 0.350  0.007 0.002 
 CTT 0.104 0.112 0.167 0.170  0.004 0.002 
 CTC 0.109 0.101 0.118 0.119  0.004 0.001 
N AAT 0.436 0.460 0.551 0.538  0.012 0.006 




Table 2.2 (continued) 
  Modal codon usage frequencies  abs diff / 2 
Aa codon Ec shr Se shr Ec uni Se uni  shared unique 
P CCA 0.188 0.127 0.233 0.235  0.031 0.001 
 CCG 0.522 0.557 0.323 0.335  0.018 0.006 
 CCT 0.158 0.155 0.251 0.248  0.001 0.002 
 CCC 0.133 0.161 0.193 0.183  0.014 0.005 
Q CAA 0.345 0.301 0.363 0.333  0.022 0.015 
 CAG 0.655 0.699 0.637 0.667  0.022 0.015 
R AGA 0.028 0.032 0.145 0.142  0.002 0.002 
 AGG 0.020 0.029 0.107 0.109  0.005 0.001 
 CGA 0.071 0.069 0.119 0.115  0.001 0.002 
 CGG 0.104 0.127 0.156 0.159  0.011 0.002 
 CGT 0.370 0.319 0.245 0.233  0.026 0.006 
 CGC 0.407 0.424 0.227 0.242  0.008 0.007 
S AGT 0.156 0.124 0.183 0.164  0.016 0.009 
 AGC 0.272 0.308 0.211 0.212  0.018 0.000 
 TCA 0.122 0.100 0.184 0.186  0.011 0.001 
 TCG 0.166 0.182 0.122 0.142  0.008 0.010 
 TCT 0.132 0.115 0.155 0.144  0.008 0.006 
 TCC 0.152 0.172 0.145 0.152  0.010 0.004 
T ACA 0.124 0.095 0.252 0.243  0.015 0.004 
 ACG 0.283 0.363 0.255 0.260  0.040 0.003 
 ACT 0.163 0.115 0.200 0.206  0.024 0.003 
 ACC 0.430 0.427 0.293 0.291  0.001 0.001 
V GTA 0.155 0.159 0.200 0.202  0.002 0.001 
 GTG 0.384 0.366 0.273 0.266  0.009 0.003 
 GTT 0.244 0.200 0.304 0.307  0.022 0.001 
 GTC 0.217 0.274 0.222 0.224  0.029 0.001 
Y TAT 0.570 0.580 0.588 0.591  0.005 0.002 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.5 Relative use of third codon position purines and pyrimidines. In for 
each pair of codons differing only in the purine (or pyrimidine) in their third 
positions, the fraction of the residues that are G (for purines) or C (for 
pyrimidines) is recorded. Data are from Table 2.2. 
! '&!
! "#!
Table 2.6 Distances between the codon usages of shared and combined unique gene 
sets for five E. coli and five S. enterica genomes, constrained to genes with 50–54% G+C 
content. The shared gene codon usages are those of E. coli O157:H7 EDL933 and S. 
enterica subsp. enterica Typhimurium LT2. Distances between modal codon usages are in 
the upper-right triangle of the matrix. Distances between average codon usages are 
shown in italics in the lower-left triangle. Values in parentheses are the mean ± standard 
deviation of the corresponding distance measurements with bootstrap resamplings of the 
gene sets (1000 and 10,000 replicates for modal and average codon usages, 
respectively). In contrast to the analyses in Table 2.1, there is no longer a one-to-one 
correspondence of shared genes between the two species, so all gene sets were sampled 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.1 Bootstrap analysis of the difference between shared gene codon usage distance 
versus unique gene codon usage distance.  To assess whether the E. coli and S. enterica 
shared gene codon usages were significantly greater than their respective unique gene 
codon usages, the difference between these to values was computed for bootstrap samples 
of the genes.  The figure shows the cumulative distribution of the differences for modal codon 
usages (panel A) and average codon usages (panel B).  The axis labels below the bins are 
the minimum distance included in the given bin.  Thus, the bin 0.10 includes all replicates 
with a distance difference !0.10 and <0.11, and the cumulative value shown is thus all 
replicates yielding a distance difference <0.11.  To estimate the significance of the statement 
"the distance between the shared gene codon!usage of these two species is greater than the 
distance between their unique gene codon usages", we extrapolate the slope at the left hand 
side of the distribution to a distance difference of 0.  In the case of modal codon usage (panel 


















































































































Fig. S1.  Bootstrap analysis of the difference between shared gene codon usage distance versus
unique gene codon usage distanc .  To assess wh her the E. coli and S. enterica sh red gene
codon usa s were sig ific ntly gre ter than their respective unique gene don usages, th
difference between these to values was computed for bootstrap samples of the genes.  The figure
shows the cumulative distribution of the differences for modal codon usages (panel A) and
average codon usages (panel B).  The axis labels below the bins are the minimum distance
included in the given bin.  Thus, the bin 0.10 includes all replicates with a distance difference




 Figure 2.2  First two axes of a factorial correspondence analysis of the codon usages of E. 
coli O157:H7 and S. enterica LT2 genes. For each species, colors distinguish shared genes, 
unique genes, and genes with other distributions (i.e., found in between two and nine strains). 
Also shown are the modal codon usages of the shared and unique genes of the species.!
conclude that the difference is signi!cantly greater than 0 (P !
10"9) (SI Appendix, SI Text).
Although we consider modal codon usage a superior method
for analyzing heterogeneous data, the similarity of the unique
gene codon usages is also seen in the average codon usages of the
gene sets (Table 1, lower-left triangle). Although the similarity of
the unique gene codon usages is less dramatic, the unique genes
of the species are signi!cantly more similar in average codon
usage compared with the shared genes (P < 10"5) (SI Appendix,
Fig. S1B). Thus, we conclude that the unique (presumably, the
most recently acquired) genes of E. coli and S. enterica are more
similar in codon usage than are these species’ shared (i.e., ver-
tically inherited) genes.
We used projections based on factorial correspondence analysis
to display the codon usages of the individual genes in the E. coli
O157:H7 and S. enterica LT2 genomes, as well as the modal
usages of these genomes’ shared genes and unique genes. The
proximity of the unique gene modes relative to the separation of
the shared gene modes is evident in the plots created (Fig. 1 and
SI Appendix, Fig. S2). Qualitatively, the individual shared genes of
the two species are offset in the plots, whereas the unique genes
are more intermixed.
When the modal codon usages are compared across all strains,
the distances between them (SI Appendix, Table S2) yield a tree
(Fig. 2) that clearly separates unique genes and shared genes.
The shared genes are further separated by species, consistent
with independent divergence. In contrast, the unique gene codon
usages for strains of the two species are interspersed. This in-
terdigitation is not statistical noise due to smaller numbers of
genes; when the numbers of shared genes were reduced to match
the numbers of unique genes, the shared gene modes always
Table 1. Distances between the codon usages of shared and combined unique gene sets for !ve E. coli and !ve S. enterica genomes
Codon usage distance to
Gene set No. of genes Average G+C E. coli shared S. enterica shared E. coli unique S. enterica unique
E. coli shared 2,040 0.530 — 0.238 (0.251 ± 0.009) 0.543 (0.543 ± 0.012) 0.528 (0.529 ± 0.013)
S. enterica shared 2,040 0.547 0.253 (0.255 ± 0.007) — 0.646 (0.649 ± 0.012) 0.607 (0.611 ± 0.014)
E. coli unique 4,001 0.486 0.592 (0.593 ± 0.012) 0.670 (0.670 ± 0.013) — 0.081 (0.108 ± 0.012)
S. enterica unique 1,903 0.500 0.515 (0.516 ± 0.014) 0.556 (0.556 ± 0.017) 0.142 (0.146 ± 0.019) —
The shared gene codon usages are those of E. coli O157:H7 EDL933 and S. enterica subsp. enterica Typhimurium LT2. Distances between modal codon
usages are in the upper-right triangle of the matrix. Distances between average codon usages are shown in italics in the lower-left triangle. Values in
parentheses are the mean ± SD of the corresponding distance measurement for bootstrap resamplings of the gene sets (10,000 and 50,000 replicates for
modal and average codon usages, respectively). The comparisons of shared genes to shared genes, and unique genes to unique genes, are shown in bold.
Fig. 1. First two ax s of a factorial correspondence an lysis of the codon usages of E. coli O157:H7 and S. enterica LT2 genes. For each species, colors dis-
tinguish shared genes, unique ge es, and gen s with other distributions (i.e., found in between two and nine strains). Also shown are th modal codon usages
of the shared and unique genes of the species.
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1109451108 Karberg et al.
"#! Figure 2.2 First two axes of a factorial correspond ce naly is of the codon 
usages of E. coli O157:H7 and S. enterica LT2 ge es. For each species, colors 
distinguish shared genes, unique genes, and genes with other distributions (i.e., 
found in between two and nine strains). Also shown are the modal codon usages of 




Figure 2.3 Factorial correspondence analysis of the codon usage of E. coli O157:H7 and S. 
enterica LT2 genes.  In each panel, all genes of the organisms are displayed separated by a 
pair of axis values from the correspondence analysis of codon usage: top panel, first and 
third axes; bottom panel, second and fourth axes;  In each case, color is used to distinguish 
genes that are shared by ten strains of these two species (five strains of each) and genes 
that are unique to a single strain of the ten.  Genes with other distributions among the ten 
strains are shown in reduced size.  Also shown are the modal codon usage of the shared and 
unique gene sets of each genome. Although the axis labels suggest that there is depth, all 
plot symbols are represented as spheres at a common depth, so that plot symbols for the 
shared and unique genes can overlap without fully obscuring one another. 
Karberg et al., Supporting Information SI page 15
Fig. S2. Factorial correspondence analysis of the codon usage of E. coli O157:H7 and S. enterica






(1,000 replicates) separated by species in the resulting trees (SI
Appendix, SI Text).
The unique genes are dispersed around their respective chro-
mosomes and plasmids (Fig. 3). When the separation of unique
genes by at least one intervening shared gene is taken as evi-
dence of independent acquisition, the unique genes of E. coli
O157:H7 and S. enterica LT2 are divided into 172 and 71 distinct
regions, respectively (SI Appendix, Table S3). Thus, the similarity
of the unique genes is not an artifact of a small number of
transfers that happen to have sampled similar sources.
Why Are the Unique Gene Codon Usages So Similar? We consider
three categories of possible explanations for the similarity in
unique gene codon usages: convergence by random drift, ac-
quisition from a common source of genes, and intraorganismal
selection. Is it plausible that the unique genes are threefold more
similar in codon usage compared with the shared genes because
they have independently drifted to a common value? We address
this question from two perspectives: whether or not the shared
gene codon usages !t a simple drift model, and the statistical
dif!culty of getting threefold closer.
To postulate that independent drift makes the unique genes
much more similar compared with the shared genes, we need to
de!ne the endpoint of the presumed drift. Two obvious trends
are the drift toward lower G+C content, particularly at third
position of the codons, and a more equal use of synonymous
codons. These trends have been attributed to drift accompanying
the relaxation of translational selection (16–18). However, nei-
ther effect is re"ected equally across sets of synonymous codons
(SI Appendix, Tables S1 and S4). The amount of drift toward a
presumed unselected codon usage at third codon positions dif-
fers greatly among amino acids, and the use of silent site purines
and silent site pyrimidines do not extrapolate from one amino
acid to another (SI Appendix, Table S4). These data are not
consistent with a uniform relaxation of codon bias in the unique
genes. The complexity of the observed pattern of codon usage
leads us to conclude that random drift to some equilibrium value
could not have caused the similarity seen in the unique genes of
E. coli and S. enterica (SI Appendix, SI Text).
Although the foregoing codon usages do not appear to be the
result of a simple drift model, we also must consider the possi-
bility that the unique gene modal codon usages are threefold
closer by chance. However, this is threefold closer in a multidi-
mensional space, in our case, a space with 41 degrees for free-
dom. At !rst approximation, there are 3!41 (" 3 ! 10!20) times as
many possible codon usages within a distance of 0.08 (the dis-
tance between unique gene modes) as within a distance of 0.24
(the distance between shared gene modes). That is, assuming
that all codons are in"uenced independently by drift, the prob-
ability of the unique genes drifting from the shared gene codon
usage and converging on codon usages that are threefold closer
is less than 1 in 1 quadrillion. Even if the drift were biased, the
biases would need to be more similar for the horizontally ac-
quired genes than for the vertically inherited genes (SI Appendix,
SI Text).
We conclude that these data are not consistent with a uniform
relaxation of codon bias in the unique genes, or with a random
accumulation of neutral mutations. That is, the unique genes are
E. coli K-12 W3110 shared
E. coli C ATCC 8739 shared
E. coli O157:H7 EDL933 shared
E. coli CFT073 shared
E. coli APEC 01 shared
0.1
S. enterica Typhimurium LT2 shared
S. enterica Choleraesuis shared
S. enterica Typhi Ty2 shared
S. enterica Paratyphi A AKU 12601 shared
S. enterica Dublin CT 02021853 shared
E. coli K-12 W3110 unique (304)
E. coli C ATCC 8739 unique (236)
E. coli O157:H7 EDL933 unique (1423)
E. coli CFT073 unique (1174)
E. coli APEC 01 unique (864)
S. enterica Typhimurium LT2 unique (307)
S. enterica Choleraesuis unique (534)
S. enterica Typhi Ty2 unique (329)
S. enterica Paratyphi A AKU 12601 unique (143)
S. enterica Dublin CT 02021853 unique (590)
S. enterica unique (1903)
E. coli unique (4001)
Fig. 2. Tree of E. coli and S. enterica modal codon usages. The distances between modal codon usages of the shared and unique genes from all !ve strains of
each species (SI Appendix, Table S2) were used to construct the tree. There are 2,040 shared genes; the number of unique genes follows each genome name.
Background colors are the same as in Fig. 1.
Fig. 3. Interspersion of shared and unique genes on the E. coli O157:H7 and S. enterica LT2 replicons. Each protein coding sequence is colored by its category
(shared, unique, or other) and organism, as in Fig. 1.









Figure 2.4 Tree of E. coli and S. enterica modal codon usages. The distances between 
modal codon usages of the shared and unique genes from all five strains of each species.  
were us  to construc  the tree. Th re are 2,040 shared gen ; the number of unique 















 Figure 2.5 Interspersion of shared and unique genes on the E. coli O157:H7 and S. enterica   
 LT2 replicons. Each protein coding sequence is colored by its category (shared, unique, or  
 other) and organism, as in Figure 2.2.  
(1,000 replicates) separated by species in the resulting trees (SI
Appendix, SI Text).
The unique genes are dispersed around their respective chro-
mosomes and plasmids (Fig. 3). When the separation of unique
genes by at least one intervening shared gene is taken as evi-
dence of independent acquisition, the unique genes of E. coli
O157:H7 and S. enterica LT2 are divided into 172 and 71 distinct
regions, respectively (SI Appendix, Table S3). Thus, the similarity
of the unique genes is not an artifact of a small number of
transfers that happen to have sampled similar sources.
Why Are the Unique Gene Codon Usages So Similar? We consider
three categories of possible explanations for the similarity in
unique gene codon usages: convergence by random drift, ac-
quisition from a common source of genes, and intraorganismal
selection. Is it plausible that the unique genes are threefold more
similar in codon usage compared with the shared genes because
they have independently drifted to a common value? We address
this question from two perspectives: whether or not the shared
gene codon usages !t a simple drift model, and the statistical
dif!culty of getting threefold closer.
To postulate that independent drift makes the unique genes
much more similar compared with the shared genes, we need to
de!ne the endpoint of the presumed drift. Two obvious trends
are the drift toward lower G+C content, particularly at third
position of the codons, and a more equal use of synonymous
codons. These trends have been attributed to drift accompanying
the relaxation of translational selection (16–18). However, nei-
ther effect is re"ected equally across sets of synonymous codons
(SI Appendix, Tables S1 and S4). The amount of drift toward a
presumed unselected codon usage at third codon positions dif-
fers greatly among amino acids, and the use of silent site purines
and silent site pyrimidines do not extrapolate from one amino
acid to another (SI Appendix, Table S4). These data are not
consistent with a uniform relaxation of codon bias in the unique
genes. The complexity of the observed pattern of codon usage
leads us to conclude that random drift to some equilibrium value
could not have caused the similarity seen in the unique genes of
E. coli and S. enterica (SI Appendix, SI Text).
Although the foregoing codon usages do not appear to be the
result of a simple drift model, we also must consider the possi-
bility that the unique gene modal codon usages are threefold
closer by chance. However, this is threefold closer in a multidi-
mensional space, in our case, a space with 41 degrees for free-
dom. At !rst approximation, there are 3!41 (" 3 ! 10!20) times as
many possible codon usages within a distance of 0.08 (the dis-
tance between unique gene modes) as within a distance of 0.24
(the distance between shared gene modes). That is, assuming
that all codons are in"uenced independently by drift, the prob-
ability of the unique genes drifting from the shared gene codon
usage and converging on codon usages that are threefold closer
is less than 1 in 1 quadrillion. Even if the drift were biased, the
biases would need to be more similar for the horizontally ac-
quired genes than for the vertically inherited genes (SI Appendix,
SI Text).
We conclude that these data are not consistent with a uniform
relaxation of codon bias in the unique genes, or with a random
accumulation of neutral mutations. That is, the unique genes are
E. coli K-12 W3110 shared
E. coli C ATCC 8739 shared
E. coli O157:H7 EDL933 shared
E. coli CFT073 shared
E. coli APEC 01 shared
0.1
S. enterica Typhimurium LT2 shared
S. enterica Choleraesuis shared
S. enterica Typhi Ty2 shared
S. enterica Paratyphi A AKU 12601 shared
S. enterica Dublin CT 02021853 shared
E. coli K-12 W3110 unique (304)
E. coli C ATCC 8739 unique (236)
E. coli O157:H7 EDL933 unique (1423)
E. coli CFT073 unique (1174)
E. coli APEC 01 unique (864)
S. enterica Typhimurium LT2 unique (307)
S. enterica Choleraesuis unique (534)
S. enterica Typhi Ty2 unique (329)
S. enterica Paratyphi A AKU 12601 unique (143)
S. enterica Dublin CT 02021853 unique (590)
S. enterica unique (1903)
E. coli unique (4001)
Fig. 2. Tree of E. coli and S. enterica modal codon usages. The distances between modal codon usages of the shared and unique genes from all !ve strains of
each species (SI Appendix, Table S2) were used to construct the tree. There are 2,040 shared genes; the number of unique genes follows each genome name.
Background colors are the same as in Fig. 1.
Fig. 3. Interspersion of shared and unique genes on the E. coli O157:H7 and S. enterica LT2 replicons. Each protein coding sequence is colored by its category
(shared, unique, or other) and organism, as in Fig. 1.





















Figure 2.6 The fraction of E. coli unique gene codons matched by the modes of 
bacterial and archaeal gene sets taken from the SEED database plotted versus 
the G+C content of the gene set.  Diamonds represent the modal codon usages 
of the genomes, and circles represent the modal codon usages of the nonnative 
genes.  Colored plot points represent E. coli (red-orange); S. enterica (magenta); 
Yersinia (green); Citrobacter, Cronobacter, Enterobacter, Pectobacterium, and 
Shigella (blue); other Enterobacteriaceae (yellow); and all other genomes — i.e., 
not members of the Enterobacteriaceae — (gray).  The data are from Table S5!"
Figure 2.6 The fraction of E. coli unique gene codons matched by the modes of bacterial 
and archaeal gene sets taken from the SEED database plotted versus the G+C content of 
the gene set. Diamonds represent the modal codon usages of the genomes, and circles 
represent the modal codon usages of the nonnative genes. Colored plot points represent 
E. coli (red-orange); S. enterica (magenta); Yersinia (green); Citrobacter, Cronobacter, 
Enterobacter, Pectobacterium, and Shigella (blue); other Enterobacteriaceae (yellow); and 
all other genomes — i.e., not members of the Enterobacteriaceae — (gray). The data are 










Figure 2.7  The fraction of E. coli unique gene codons matched by the modes of 
gene sets taken from the Enterobacteriaceae and the human gut microbiome 
project plotted versus the G+C content of the gene set.  Diamonds represent the 
modal codon usages of the genomes and circles represent the modal codon 
usages of the nonnative genes. Colored plot points represent E. coli (red-
orange); S. enterica (magenta); Yersinia (green); Citrobacter, Cronobacter, 
Enterobacter, Pectobacterium, and Shigella (blue); other Enterobacteriaceae 
(yellow); and all other genomes — i.e., not members of the Enterobacteriaceae—
(gray).  The data are from Table S6. 
Figure 2.7 The fraction of E. coli unique gene codons tched by the mod s of gene 
sets taken from the Enterobacteriaceae and th  human gut microbiom  project plotted 
versus the G+C content of the gene set. Diamonds represent the modal codon usages 
of the genomes and circles represent the modal codon usages of the nonnative genes. 
Colored plot points represent E. coli (red- orange); S. enterica (magenta); Yersinia 
(green); Citrobacter, Cronobacter, Enterobacter, Pectobacterium, and Shigella (blue); 
other Enterobacteriaceae (yellow); and all other genomes — i.e., not members of the 
















































































































































































































































































































































































































































































































Figure 2.9  Species-to-species modal codon usage distances plotted versus the 
average G+C content of the genomes in the genus.  The genomes of bacterial 
and archaeal species belonging to genera with multiple sequenced species were 
downloaded from the SEED database.  The modal codon usage of each species 
genome was computed and the median codon usage distance between genome 
modes for the comparison of each species within a given genus is shown.  Data 
correspond with Table S7. 
Figur 2.9 Species-to-species modal codon usage distances pl tted versus he average 
G+C ontent of the genomes in the us. The genomes of bacterial and archaeal 
species belonging to genera wi h multiple s quenced species were downloaded from the 
SEED database. The modal codon usage of each species genome was computed and the 
median codon usage distance between genome modes for the comparison of each 






Figure 2.10 Effect of G+C content on E. coli and S. enterica codon usages. The upper panel 
shows the divergence of E. coli and S. enterica codon usages as a function of gene G+C 
content. The black line shows that codon usage divergence is greater among the higher G+C 
genes than the lower G+C genes (all data are based on random samples with equal numbers 
of genes, with error bars indicating one standard deviation of sampling variation). The three 
control curves show that data drawn from a common set of genes show similar divergences 
at low and high G+C contents. The lower panel shows the portion of each G+C content bin 
contributed by shared and unique genes of the species, showing that the G+C contents at 
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Figure 2.10.  Effect of  ontent on E. coli and S. enterica codon usages.  Th  upper panel 
shows the divergence of E. coli and S. enterica codon usages as a function of gene G+C content.  
The black line shows that codon usage divergence is greater among the higher G+C genes than 
the lower G+C genes (all data are based on random samples with equal numbers of genes, with 
error bars indicating one standard deviation of sampling variation).  The three control curves 
show that data drawn from a common set of genes show similar divergences at low and high 
G+C contents.  The lower panel shows the portion of each G+C content bin contributed by shared 
and unique genes of the species, s owing that the G+C contents at which E. coli and S. enterica 
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Chapter 3:  In defiance of amelioration: codon usage studies of 
the major pathogenicity islands of Salmonella enterica 
 
Abstract 
One of the most important factors in microbial diversification is horizontal gene 
transfer.  The work in Chapter 2 demonstrates the stunning similarity of codon usage 
between the plurality of the recently acquired genes of Salmonella enterica and 
Escherichia coli strains, which led us to propose that a common supraspecies 
pangenome is the primary source of recently acquired genes in these species.  In this 
chapter, we extend the comparative analysis of codon usages to the species-specific 
genes of S. enterica.  This gene set includes the major Salmonella Pathogenicity 
Islands (SPIs), which are conserved amongst the thousands of pathogenic S. enterica 
serovars and confer abilities to invade the host gut and cause systemic disease.  These 
islands are thought to be central to the divergence of the Salmonellae from an 
ancestral lineage that lacked them. We apply an axis projection method to compare 
the codon usages of the species-specific genes to the codon usages of the vertically 
inherited “native” genes (shared by members of closely related species) and the 
recently acquired “nonnative” genes (unique to single strains).  Specifically, we ask if 
the codon usages of these species-specific genes fit commonly held evolutionary 
conceptions that predict that they would have acquired a codon usage similar to the 
vertically inherited genes, due to their relatively long residency in the species.  
Although many species-specific genes fit this evolutionary expectation, the genes of 
the major pathogenicity islands within S. enterica have codon usages more similar to 
the unique genes that comprise the common supraspecies pangenome. That this 
distinctive codon usage is shared by the most recently transferred genes of the 
supraspecies pangenome and the long-resident genes of the SPI elements suggests 
that they share a selective pressure that is not linked to mobility per se. We posit that 
this codon usage represents a second intrinsic codon usage adaptation, distinct from 
the primary “native” codon usage adapted for exponential growth conditions, and is 
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related to the importance of being able to express these genes in times of stress, 
possibly starvation conditions in particular. 
 
Introduction 
The vastness of the genetic diversity of the microbial world has become starkly 
evident in the past 20 years.  Technological advances have allowed for rapid 
production of whole genome sequences, including collections of sequences from 
closely related lineages.  The comparative analyses have revealed that the gene sets of 
various strains of a species often differ by hundreds of genes (Touchon et al. 2009; 
Rasko et al. 2008; Tettelin et al. 2005).  This fluidity of genome contents has led to 
new debates on the definition of microbial species. 
 The pangenome concept has been proposed as a framework to account for 
species cohesiveness, while accommodating the vast genetic diversity within them. In 
particular, it posits a core set of genes (the core genome of the species) shared by 
essentially all members of a species, and a set of accessory genes (the accessory, or 
variable, genome of the species), different combinations of which are found in subsets 
of strains (Medini et al. 2005).  For many of the best-sampled microbial lineages, 
including Escherichia coli (Rasko et al. 2008; Touchon et al. 2009), Streptococcus 
spp. (Donati et al. 2010; Tettelin et al. 2005), Prochlorococcus marinus (Kettler et al. 
2007), and Legionella pneumophila (D'Auria et al. 2010), as the number of whole 
genome sequences increases, the complement of core genes (found in all members of 
the species) is slowly eroded, though this observation comes with caveats regarding 
the completeness of the sequences, the accuracy of the assemblies, the thoroughness 
of the gene identification, and species circumscription.  The core genes impart species 
cohesiveness by providing a shared set of features among the members of the species, 
while being diverged enough from related genes in other lineages to impose a barrier 
to homologous recombination.  Such a phenomenon is well demonstrated by 
Salmonella enterica and E. coli.  Though closely related, having diverged from a 
common ancestor 100–140 Mya with a nucleotide sequence identity amongst protein-
coding genes at ~80%, it is well established that there is a nearly complete 
recombinatorial barrier between these lineages (McClelland et al. 2001; Rayssiguier 
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et al. 1989; Matic et al. 1995).  Although homologous recombination of core genes 
occurs within the lineage, the overall gene set is dominated by vertical inheritance. 
 In contrast, for many lineages, as the number of genome sequences for strains 
of a species increases, so does the overall complement of accessory genes.  That is, 
even after sampling tens or hundreds of genomes, the genetic diversity of these 
lineages has not been circumscribed.  Such pangenomes are considered to be “open.”  
Because accessory genes are not universally distributed across a lineage, a given 
accessory gene may have been ancestral (and subsequently lost by various 
descendants), or it may have been acquired later in the evolution of the lineage.  
Multiple lines of evidence support the notion that horizontal transfer dominates their 
distribution, not the least of which is that their shear numbers would demand 
immense ancestral genomes.  Relative to core genes, these acquisitions rely less upon 
homologous recombination into the recipient genome; accessory genes are frequently 
associated with plasmids, prophage, or other mobile genetic elements.   
 In addition to their differential distributions, core and accessory genes are also 
consistently observed to have distinctive sequence compositions.  More specifically, 
accessory genes, often clustered within genomic islands, typically have G+C contents 
that are lower than the core genes (Marcus et al. 2000), as well as differential codon 
usages.   Though there is a small effect of nucleotide composition on codon usages 
within accessory genes, it is insufficient to explain their codon usage complexity 
(Karberg et al. 2011).   
 The codon usage of most microbial genomes is heterogeneous, and is often 
portrayed as being tripartite (Grantham et al. 1981; Médigue et al. 1991; Karlin et al. 
1998).  At one extreme is the codon usage of "highly-expressed" genes, which were 
historically defined as those producing the most abundant proteins (Grantham et al. 
1981).  These genes generally display the most biased codon usages, presumably 
because they are strongly selected for the rapid and accurate production of their 
products.  The most highly expressed genes lay far out on a continuum of codon 
usages which grades into "typical genes", genes for less abundant proteins (Médigue 
et al. 1991). Operationally, the codon usage of typical genes can be defined as the 
most common codon usage in the genome (Davis & Olsen 2010). Collectively, the 
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continuum of codon usages from "typical" through "high-expression" defines an axis 
called the "native codon usages" of a genome (Davis & Olsen 2011).  The remaining 
genes, those that differ significantly from the codon usages along this axis, are 
described as having a “nonnative” (or foreign, or alien) codon usage.  This 
terminology reflects the observation that many of these genes were horizontally 
acquired (Médigue et al. 1991; Karlin et al. 1998; Karberg et al. 2011). The codon 
usage of a recently acquired gene is presumed to reflect the codon usages of the 
corresponding donor genome.  After acquisition, these genes must be subject to the 
drifts and selective pressures of their new host genome (Lawrence and Ochman 
1997).  Thus, it is presumed that over time, horizontally acquired genes will either be 
lost, or that they will ameliorate to the typical characteristics of their current host 
genome (Lawrence & Ochman 1997). 
 The codon usage features of the core and accessory genes of the pangenome fit 
these views of codon usage, but only to a point. The core genes shared by E. coli and 
S. enterica (a subset of the respective species core genes) are most likely vertically 
inherited within a lineage since the common ancestry of these two species. Thus, it is 
not surprising that they are dominated by "native" codon usages (Karberg et al. 2011). 
In contrast, the genes found in only one of the ten strains compared (a subset of the 
species accessory genes) are dominated by nonnative codon usages (Karberg et al. 
2011).  If these were recently horizontally acquired (which they most likely are), they 
would be expected to have codon usages adapted to their donor species.  Most of the 
pangenome literature is vague regarding the source or reservoir of the accessory 
genes, whether they are endemic to the species, or whether they come from 
phylogenetically distant sources.  In the latter case, the nonnative codon usage 
follows naturally, but in the former case (endemic to the species), the distinctive 
codon usage would require an alternative explanation (Gordienko et al. 2013). 
 In previous work, we analyzed the codon usages of recently acquired genes in 
E. coli and S. enterica genomes, seeking to identify their sources.  The codon usages 
of the genes acquired by these two species were indistinguishable, even though there 
is clear divergence between the codon usages of their shared set of core genes 
(Karberg et al. 2011).  We concluded that these data were most consistent with the 
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acquired genes coming from the same source(s).  In an examination of ~1000 other 
genomes for this codon usage (as possible sources of these genes), we found that it is 
abundant only in the "nonnative" genes of E. coli, S. enterica and other closely 
related species.  We concluded that the plurality of recently acquired genes in these 
lineages come from a shared supraspecies accessory pangenome (a phylogenetically 
circumscribed gene pool that extends beyond the species level).  That is, the source of 
these genes is not phylogenetically distant, but rather is a set of relatively closely 
related species, leaving unanswered the question of why it is distinctive.  
 These previous studies focused on the core genes shared between S. enterica 
and E. coli, and on the accessory genes unique to a single strain among the ten 
examined. However, for any particular strain, the shared and unique gene sets 
constitute only about one-half of its genome.  Among the excluded genes are the 
species-specific genes, those that are core genes in one species, and absent in the 
other. As noted above, these genes are apt to have been acquired early in the 
speciation process, and their subsequent maintenance attests to their provision of 
valuable, species-defining characteristics. 
 The Salmonellae provide an ideal system to ask questions regarding the fate of 
horizontally acquired genes, and especially that of more anciently acquired large 
genomic islands. Salmonella Pathogenicity Islands (SPIs) are among the most studied 
genes in S. enterica. SPI-1 and SPI-2, which confer the abilities of S. enterica to 
invade the gut and cause systemic infections, respectively, are central to the 
divergence of S. enterica and E. coli from a common ancestral lineage (Mills et al. 
1995; Marcus et al. 2000).  In general, acquisitions of genomic islands such as the 
SPIs are thought to be the essence of innovation amongst free-living and facultative 
microbes and are likely the most significant events in the evolution from a non-
pathogen to a pathogen (Coleman et al. 2006; Groisman & Ochman 1996; Hacker et 
al. 1997). 
 The near universal distribution of SPI-1, SPI-2, SPI-4, and SPI-5 (and portions 
of SPI-3, though this is variable amongst even S. enterica) across the lineage 
partitions these genes as Salmonella enterica core genes (though Salmonella genus 
specific islands, i.e., also in S. bongor,i includes SPI-1, SPI-3a, SPI-3b, SPI-4 and 
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SPI-5b  (Fookes et al. 2011; Jacobsen et al. 2011).  Their long residence in the lineage 
leads to the expectation that the SPIs would have ameliorated to match the 
characteristics of other core genes in the genus. However, it has been previously 
noted that this expectation is not met (Lawrence & Ochman 1997; Vernikos et al. 
2007).  Despite their ancient acquisition, the major SPIs appear to echo nature’s 
common pattern of genomic islands with lower G+C content and nonnative codon 
usage, relative to native genes (Marcus et al. 2000). A variety of explanations have 
been offered, including slow amelioration (Vernikos et al. 2007), (undiscovered) 
transfer mechanisms that acquire DNA with host-like sequence characteristics 
(Vernikos et al. 2007), and frequent (cryptic) transfers (from unknown sources) 
(Daubin et al. 2003). Clearly, we are missing part(s) of the process. 
 In an effort to better understand the “nonnative” sequence traits of the SPIs, as 
well as other species-specific genes that are relatively older acquisitions, and to gain 
insights into the evolutionary dynamics of genomics islands (which regularly cluster 
into the accessory genomes of many lineages), we extend our analyses of codon 
usages in S. enterica, with particular emphasis on genes that are present in most or all 
members of the species, but not in sibling species.  To do so, we take advantage of an 
additional implication of supraspecies pangenome codon usage.  Because it represents 
the codon usages of the plurality of recently acquired genes in S. enterica and E. coli 
(amongst other lineages) it provides another major metric (Syvanen 2012), beyond 
typical and high expression codon usages, to evaluate the codon usage nature of genes 
in genome.  In view of the assumption that “nonnative” horizontally acquired genes 
ameliorate to “native” codon usages, we can incorporate this new metric — the 
supraspecies pangenome codon usage — to generate a second codon usage axis, one 
that is a continuum from the “native” codon usages to the supraspecies pangenome 
codon usage.  We then evaluate genes, genomic islands, and different evolutionary 
classes of genes relative to the two major axes of codon usage in view of the 





Materials and Methods 
Sequence data 
Genome sequences and coding regions were retrieved as previously described 
in Karberg et al., 2011. These data were obtained from the ftp site of the NCBI 
Bacterial Genomes collection (Wheeler et al. 2007. Database resources of the 
National Center for Biotechnology Information. Nucleic Acids Res 35: D5–D12; 
Bacteria — NCBI Bacterial Genomes. ftp://ftp.ncbi.nih.gov/genomes/Bacteria/ 2010). 
Data for Escherichia coli str. K-12 substr. MG1655, and Salmonella enterica subsp. 
Enterica serovar Typhimurium str. LT2 were retrieved in January of 2009. Data for 
Escherichia coli strains APEC 01, C ATCC 8739, CFT073, O157:H7 EDL933, and 
W3110, and for Salmonella enterica subsp. Enterica serovars Choleraesuis str. SC-
B67, Dublin str. CT 02021853, Paratyphi A str. AKU 12601, and Typhi str. Ty2 were 
retrieved from in July of 2009. 
 
Classification of gene categories 
 Shared genes and unique genes were identified as previously (Karberg et al. 
2011).  Presumed orthologs were identified between any two of the study genomes as 
bi-directional best hits using BLASTP with at least 80% amino acid identity and 
matching at least 80% of the protein length (Altschul et al. 1997).  Shared genes 
comprise the 2040 genes that are bidirectional best hits across all 10 study genomes. 
Genes present in only 1 study strain (i.e., without a bidirectional best in the 9 other 
study strains) were designated as unique. Species-specific genes represent the 
orthologous gene sets found within all 5 strains of a genera, either present in all 5 S. 
enterica or E. coli strains, to the exclusion of the other study genera.  The remaining 
genes were then designated as “other,” but were further classified in two different 
ways.  Orthologous genes found in at least 1 S. enterica and at least 1 E. coli strain 
(excluding species-specific genes) are classified as “other, both genera.”  Genes 
present in one genus to the exclusion of the other, in at least 2, but less than 5 strains 
of the genera were designated as “other, genera-specific.” The data reported within 
Table 1 is relative to the reference strain, S. enterica LT2. 
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Codon usage analyses  
The determination of codon usages is based on modal codon usage (Davis & 
Olsen, 2010).  The modal codon usage is the expected codon usage frequencies that 
match the largest number of genes in a set of genes (a match to the mode is defined as 
a gene that is not significantly different; P < 0.1).  The merits of using the mode 
compared to the average codon usage have been extensively discussed in Davis and 
Olsen (2010). 
 For the two-axis projection analysis of codon usages, we adapted the codon 
usage axis projection tool described by Davis and Olsen, to two axes, the shared gene 
usage axis (a proxy for the native axis, which describes the expression-related 
variation in codon usage) and the unique gene axis (Davis & Olsen 2011). The shared 
axis was calculated by using the modal usage of the 2040 shared genes from 
Salmonella enterica Typhimurium LT2 and the modal usage of the high expression 
representatives from this shared gene set.  Unless otherwise stated, a gene is 
considered a match to a codon usage axis if it is not significantly different (P " 0.1) 
from some point x on that axis.  The projection onto the axis was constrained to 
values x " –0.1; cases with optimal x values smaller than this are usually contributed 
by genes with an overall poor match to the respective axis.  The unique gene axis was 
calculated in analogous fashion, except that this axis is defined by the half line from 
the shared gene modal codon usage that extends through the unique gene modal 
codon usage. The unique gene modal codon usage is based upon the previously 
compiled set of 1903 genes that are found in only one of five S. enterica strains, and 
none of five E. coli strains (Karberg et al. 2011).  We previously demonstrated that 
the distance between the modal usages of the unique gene sets of S. enterica and E. 
coli genes (1903 and 4001, respectively) is so small that these codon usages are 
indistinguishable from one another and form a common pool (Karberg et al. 2011).  
By virtue of this similarity, the codon usage of the S. enterica unique genes used to 





Factorial correspondence analysis  
 Relative synonymous codon usage (i.e., codon usage normalized per amino 
acid) was computed using CODONW (Peden 1999). The factorial correspondence 
analysis was rendered using POVRay (http://www.povray.org). 
 
Results  
Two-axis analysis of codon usages of the genes of S. enterica 
Typhimurium LT2    
  Codon usage data are of high dimensionality. There are 18 amino acids with 
multiple codons, and a total of 59 codons that are synonymous with one or more other 
codons. After normalizing codon usage frequencies on a per amino acid basis, there 
are 41 degrees of freedom. For visualization of the variation in high dimensionality 
data in this work, we use factorial correspondence analysis (FCA). The variation in 
codon usages of the genes of S. enterica Typhimurium LT2 is illustrated in Figure 3.1 
by performing an FCA and plotting each gene at its first two axis coordinate values. 
The resulting figure is typical for genomes with substantial codon usage variation 
(Grantham et al. 1980; Medigue et al. 1991). The corresponding diagram for a partial 
set of E. coli genes was termed a rabbit head, with the largest concentration of genes 
(the typical genes) forming the head (Médigue et al. 1991). In Figure 3.1, genes for 
abundant proteins largely constitute the left ear. 
 Davis and Olsen previously defined a native codon usage axis that extends from 
the modal codon usage of the genome, though the high expression codon usage 
(Davis & Olsen 2011). For consistency with our previous work (Karberg et al. 2011) 
and other analyses in this Chapter, we have computed this axis from the 2040 S. 
enterica Typhimurium genes that are shared with (also present in) 4 other S. enterica 
strains, and with 5 E. coli strains. Thus, the large green sphere is the modal codon 
usage of the shared genes, the large yellow-orange sphere is the modal codon usage 
of candidate highly expressed genes (Davis & Olsen 2011), and the dotted line 
connecting these points (and continuing beyond the high expression modal usage) is 
the resulting shared gene codon usage axis. A position along the axis is defined by a 
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value xs, such that xs = 0 at the shared gene modal codon usage, and xs = 1 at the high 
expression gene modal codon usage. 
 The large blue sphere in Figure 3.1 is the modal codon usage of the 1903 S. 
enterica genes unique to one of the five S. enterica strains, and not found in any of 
five E. coli strains (Karberg et al. 2011). In this paper we introduce a unique gene 
codon usage axis (also shown in Figure 3.1) that extends from the shared modal 
codon usage of the shared genes through the unique gene codon usage. A position 
along the axis is defined by a value xu, such that xu = 0 at the shared gene modal 
codon usage, and xu = 1 at the unique gene modal codon usage. 
 The projection of any given gene onto an axis (shared or unique) is defined by 
the coordinate (xs or xu) of the point on the axis that has the highest probability (a chi-
square P-value) of producing a gene with the observed codon usage. In doing this, 
each gene also gets a P-value of how well it fits the given axis. A two-component 
vector, , is used to represent the position of a gene on both axes. In the 
case of a gene set, an average axis value for the given region .  Unless 
stated otherwise, a gene is considered to match the axis if P " 0.1. 
 We also use tabular presentations to provide projection and P-value data on a 
gene-by-gene basis.  To provide a visual overview, the project data for each gene are 
assigned a background color that reflects the position of its projection on the axis, the 
P-value of the match, and the certainty of the projection position (see Table 3.1 for 
details).  A match to the origin of the axis (normally the modal codon usage) is green. 
In the case of the native codon usage axis, as the projection shifts toward higher 
expression codon usages, the background hue becomes redder, or even bluish red. In 
the case of the unique gene codon usage axis, as the projection shifts toward the 
unique gene codon usage, the hue becomes bluer, or even reddish blue.  The 
saturation of the color reflects a heuristic assessment of certainty in the position of the 
projection on the axis (less saturated with greater uncertainty). Finally, the P-value of 
the match to the axis is reflected in the luma (essentially brightness) of the 
background; as the P-value of match to the axis becomes smaller, the background is 
darkened. 
 
xsu = (xs, xu )
xsu = (xs, xu )
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Codon usages of vertically inherited (core) genes  
We begin with several examples of genes shared by the ten study strains of S. 
enterica and E. coli, thus representing a subset of the S. enterica core genes that is 
likely to predate the species common ancestry with E. coli (Figure 3.2).  The upper 
left panel is composed of "typical" genes, which are good matches to the modal 
codon usage, so they are near to the origin on both codon usage axes [xsu $ (0,0)] and 
they have green background colors. The middle panel includes some genes with 
codon usages associated with higher expression levels, so on the shared gene axis 
they have higher values of xs and increasing contributions of red to their hues, while 
their projections onto the unique codon usage axis remains close to the origin (xu $ 0) 
and maintains greener hues (though darkening with poorer matches to this axis).  
Genes in the bottom left panel display higher-expression adapted codon usages, 
which is reflected in their projections on the shared codon usage axis (xs > 1), and 
redder backgrounds. As the codon usages shift toward that of higher expression, the 
P-values of the matches along the unique axis decline significantly, resulting in 
darker backgrounds; that is, many of these genes are not consistent with being drawn 
from any part of the unique gene codon usage axis. 
 
Codon usages of recently acquired (accessory) genes  
As in our previous study, we use the unique genes as a proxy for recently 
acquired genes (Karberg et al. 2011). Three regions of the S. enterica LT2 genome 
composed of genes not found in any of the other nine study strains are analyzed in 
Figure 3.2 (right panels). In the case of the top and middle unique gene regions, most 
of the genes project onto the unique gene axis with values of xu " 1, giving them hues 
that are shifted toward blue, and even reddish-blue. The projections onto the shared 
gene axis tend to have values of xs % 0 (giving them a green hue), and low P-values 
(giving them dark backgrounds). The x coordinate values of the regions clearly 
distinguish them from the shared genes analyzed in Figure 3.2. Thus, these regions 
are consistent with the perspective that recently acquired genes have not yet 
ameliorated to their host genome codon usage. 
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 Our definition of unique gene codon usage is based on a plurality of the unique 
genes in five S. enterica genomes. However, not all recently acquired genes come 
from the same places, and they do not all match the unique gene codon usage axis. 
Examples of such regions can be seen in the 2-axis analysis of the entire S. enterica 
Typhimurium LT2 genome (Figure 3.2, bottom right panel). For example, the genes 
in the region rfbBDACIFGHJXVUNMKP have an average xs value of –0.03 (near the 
origin), but their match to the axis is so poor that their median P-value is less than 10–
14 (the lower limit of our P-value calculation). Their average projection location on 
the unique gene axis is 1.49, but the median P-value of these match is only 2 # 10–4; 
that is, the region is not a good match to either axis, it is drawn from some other 
codon usage.  
 
Amelioration of an anciently acquired genomic island  
It is generally assumed that after their acquisition, horizontally transferred 
genes drift to match the codon usage of their host. Most S. enterica strains are able to 
use propanediol (which is thought to be one of three main carbon sources in the 
animal intestine) as a sole carbon source via use of the propanediol utilization 
proteins encoded by the pdu genes (Lawrence & Roth 1996; Walter et al. 1997; Bobik 
et al. 1999). A key enzyme in propanediol utilization has a strict requirement for the 
cofactor cobalamin, which many S. enterica strains are able to synthesize de novo 
under anaerobic conditions by the products of the adjacent cob/cbi genes (Price-
Carter et al. 2001).  The phylogenetic distribution of this region (present in S. enterica 
and S. arizonae, but absent in S. bongori) suggests that this region entered the 
genome after the divergence of the ancestor of the former two species from the 
lineage leading to the latter (Powrollik et al. 2002).  A “reverse” amelioration analysis 
of the genes is consistent with this view, and dates the acquisition at ~71 Mya 
(Lawrence & Ochman 1997). 
 The two-axis analysis of the cob/cbi/pdu region is consistent with it being 
largely ameliorated to the codon usage of vertically inherited genes, as represented by 
the shared genes in our study (Figure 3.3).  The average axis projections of the genes 
of the cob/cbi/pdu region [  = (0.02, 0.14)], relative to the codon usages of all xsu
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shared genes [  = (0.08, 0.17 )] (Table 3.2), suggests that it is almost fully 
ameliorated.  Qualitatively, the overall hue of both axes is green, similar to other 
native regions of the genome. 
 Although we attribute this codon usage to amelioration of anciently acquired, 
species-specific genes, some have proposed that this region existed in the ancestral 
lineage and was retained by S. enterica, but lost from E. coli and S. bongori.  If so, 
codon usage would reflect its “native” origin, rather than amelioration (Lawrence & 
Roth 1996; Porwollik et al. 2002; Fookes et al. 2011).  Further, we cannot rule out the 
possibility that the donor of this region was closely related to S. enterica (this region 
is present in other members of the Enterobacteriaceae, with the closest intact region 
found within Klebsiella oxytoca). Thus, the cob/cbi/pdu genes may have been less 
foreign-like upon their entry into S. enterica, and thereby had to undergo less change 
to become native-like. 
 Nonetheless, though cob/cbi/pdu is one of the largest regions of species-specific 
genes that appear to have ameliorated to native codon usage, it is not the exception.  
Additional examples of ameliorated species-specific regions (and their values) 
include, but are not limited to, sfbABC (–0.04, –0.04), rtcABR (–0.01, –0.18), 
phnVUTSRWX (0.19, –0.14), and STM4440–4446 (0.08, 0.04) (these regions viewed 
in Appendix A, the complete genome 2-axis analysis, provided electronically).  
 
Codon usages of the major pathogenicity islands  
  Among the most significant events in the divergence of the Salmonellae and E. 
coli from their ancestral lineage is the acquisition of the Salmonella Pathogenicity 
Islands. Although the specific islands, and even specific parts of them, are likely to 
have arrived at different times, their phylogenetic distributions suggest that several of 
them, including SPI-1, SPI-4 and parts of SPI-2, SPI-3, and SPI-5 have been in the 
lineage at least a long as the cob/cbi/pdu region, if not longer (by their presence in all 
Salmonella including S. bongori) (Fookes et al. 2011).  In the absence of other data, 




noted in the introduction, this is not the case, leading us to examining their codon 
usages in more detail. 
 Gene-by-gene codon usage analyses of SPI-1and SPI-2 are presented in Figure 
3.4, with summary values given in Table 3.2. The average axis positions of SPI-1 [
 = (–0.19, 0.97)] and SPI-2 [  = (–0.20, 0.99)] are at the shared axis minimum, 
and extremely close to the codon usage of the S. enterica unique genes (xu = 1). For 
comparison, the average axis projections of all LT2 unique genes are near to the 
origin of the shared gene axis and close to the S. enterica unique gene codon usage, 
 = (–0.09, 0.87).  It was noted above that projection positions could be misleading 
if the quality of the match is poor. For SPI-1, the median P-value for projections onto 
the shared gene axis is ~10–4, whereas it is ~0.2 for the projections onto the unique 
gene axis. For SPI-2, the corresponding median P-values are ~3 # 10–5 and ~0.1, 
respectively, That is, in spite of their long residence in S. enterica, the codon usages 
of SPI-1 and SPI-2 do not match the codon usages of most vertically inherited and/or 
ameliorated genes, but instead they are good matches to the codon usages of the 
plurality of the unique genes (recently acquired genes) of the accessory supraspecies 
pangenome. 
 This phenomenon is not restricted to these two islands, as other conserved SPIs, 
including SPI-4, SPI-5 and parts of SPI-3, match the unique gene codon usage, but 
not the shared gene codon usage (Figure 3.5). SPI-3, like many islands, is a mosaic 
comprised of older and more recent acquisitions.  Further, it is known to be the most 
variable of the major SPIs, with different arrangements within the Salmonellae 
(Jackobsen et al. 2001; Fookes et al. 2011). The average codon usage axis position of 
this island [  = (–0.11, 0.51)] reflects this mixture of genes that are largely 
ameliorated, with genes that are not.  In contrast, the 6-gene region at the end of SPI-
3 is characterized by  = (–0.19, 1.23). 
 Many other elements in the S. enterica LT2 genome also share this codon 
usage, including those implicated in pathogenic functions, such Gifsy-1 and Gifsy-2, 
with the average unique gene axis projection Gifsy-2 genes being 0.97 (Table 3.2).  







0.03, 0.63)] have somewhat less extreme codon usages (Table 3.2). In each of these 
cases, the median P-value is < 0.1 for matches to the shared gene axis and > 0.1 for 
matches to the unique gene axis. 
 
Codon usage analysis of genes according to conceptual evolutionary 
categories  
Given our findings on the very different codon usages of the major SPIs and 
cob/cbi/pdu, we sought to understand how these characteristics compared to the 
average two-axis positions of genes of a similar presumed evolutionary history.   
Every gene in the LT2 genome was parsed into an evolutionary conceptual category 
as described in the methods.  The assumption is that the more broadly distributed a 
gene is throughout the 10 strains, the more likely it is to represent an older 
acquisition.  This allows for an assessment of genes along a spectrum of ancestry that 
fall between shared (ancestral) and unique (most recently acquired) genes. Along this 
spectrum, “other, both genera” genes are also likely to be ancestral (and subsequently 
lost from some strains), though there may be the occasional gene in this category that 
was independently more recently acquired by each lineage (this latter case, the 
exception than the rule).  Species-specific genes, including the major SPIs and 
cob/cbi/pdu are next along the ancestry spectrum, acquired after the divergence of S. 
enterica and E. coli from a common ancestor.  “Other, genus-specific” genes are 
likely to have been acquired in the time range between species-specific genes and the 
most recently acquired unique genes.  
 If amelioration to a native host codon usage is the ultimate fate of a functionally 
integrated horizontally acquired gene, then the expectation is that older acquisitions 
will be more ameliorated than more recent ones.  The average two-axis coordinate 
positions of the conceptual evolutionary categories of genes (Table 3.2) support the 
prevailing views on amelioration. That is, more anciently acquired genes are on 
average more ameliorated (closer the origin of both axes) than are more recently 
acquired genes (axis positions move towards more positive values along the unique 
axis). However, the intermediate axis positions of the older acquisitions, the “other, 
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both genera” [  = (0.14, 0.30)] and species-specific genes [  = (–0.05, 0.50)] 
indicate the influence of other factors beyond amelioration.    
 The influence of other factors becomes particularly evident when the 
representative codon usages of the LT2 SPIs are projected relative to the shared and 
unique genes in a factorial correspondence analysis (Figure 3.1 for projection of 
shared and unique genes, Figure 3.6 for projection of the SPIs).  As expected, the 
shared genes clearly fall within the typical and high expression regions and are the 
basis of the “native” shared axis, whereas the unique genes encompass the 
“nonnative” ear.  However, despite their relatively ancient acquisition, the major SPIs 
are distinctly displaced from the “native” shared axis.  Perhaps more significantly, the 
SPI genes clearly fall along a secondary axis, the unique axis (and in general are less 
dispersed along the unique axis than are the unique genes, though not all unique 
genes match the codon usages of the supraspecies pangenome) despite having been 
amongst some of the earliest acquisitions since the divergence of the Salmonellae 
from the ancestral lineage.  In addition, this unique gene axis, which appears to be a 
secondary codon usage axis, represents the next largest group of codon usages after 
the shared axis, with 2.7 times more genes exclusively matching this secondary axis 
than exclusively matching the shared “native” codon usage axis (Figure 3.7).  Given 
that this secondary axis encompasses the second largest group of codon usages in this 
lineage (after the genome modal usage, which is represented by codon usage at the 
origin of both axes), in combination with the fact that genes with significant 
functional roles, such as the SPIs, also exclusively match this axis suggests that this 
axis has a previously unrecognized functional importance.  
 
A potential link between a secondary codon usage and the stringent 
response?  
 When the genes that match this unique codon usage axis — the apparent 
secondary codon usage axis — have known functions, such as the major SPIs, they 
are collectively functionally diverse and distinct in terms of their spatial and temporal 
roles (Ellermeier & Slauch 2007; Bustamante et al. 2008).  For example, SPI-1 is 
thought to be most active during the early stages of pathogenesis, referred to as an 
xsu xsu
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“extracellular virulence program,” whereas SPI-2 is has been shown to be more 
strongly upregulated later in infection, after the bacteria have gained access to the 
intracellular space (Ramachandran et al. 2012; Thompson et al. 2006). Despite their 
distinctive roles, there is a common regulatory theme between them:  the expression 
of SPI-1 and SPI-2 has been shown to be dependent on the primary modulator of the 
stringent response, the “alarmone” ppGpp (Pizarro-Cerda & Tedin 2004; Song et al. 
2004; Thompson et al. 2006).  The stringent response is associated with a cell’s 
transition from a feast state to a famine state in which cells are faced with a period of 
starvation in which charged tRNA pools for “optimal” codons are likely substantially 
depleted (Traxler et al. 2006).  The ability to respond appropriately is important.  In 
the case of S. enterica, the inability to produce ppGpp (!relA/spoT) results in 
significant defects in virulence, growth and survival (Thomspon et al. 2006; Pizarro-
Cerda & Tedin 2004). 
 To assess if there is any relationship between the stringent response and this 
secondary codon usage axis, we applied the two-axis analysis method to a differential 
RNA-seq dataset published by Ramachandran and colleagues, (Ramachandran et al. 
2012).  In this study, transciptomes of WT S. enterica Typhimurium SL1344 and a 
ppGpp null strain grown to early stationary phase (extracellular virulence program-
inducing conditions) are compared.   There are caveats to the integration of this data 
into our analysis, including that the stringent response inducing conditions are fairly 
non-specific and are targeted to induce a specific gene set (e.g., inducing conditions 
for SPI-1, whereas other conditions are known to more strongly induce SPI-2).  
Nonetheless, when the axis positions genes that are either upregulated or 
downregulated at least ten-fold under these stringent response-inducing conditions are 
determined, we find that the ppGpp-upregulated genes have an average axis position 
very near to the Salmonella unique gene modal usage  = (0.02, 0.92), whereas 
ppGpp 10-fold downregulated genes approach the origins of both the shared and 
unique gene axes (Table 3.2).   As expected, there are multiple genes within SPI-1 
that are induced by these conditions.  However other genes, including those of SPI-2, 
SPI-4, SPI-5, SPI-1 associated effectors located elsewhere in the genome (e.g., sopA, 
sopE2), ribosome modulation factor (rmf), amongst other genes, are also upregulated.  
xsu
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The distinction is strikingly visible in an FCA (Figure 3.8).  Clearly, further directed 
studies will need to be undertaken to establish a definitive link between stress-related 
cell states (such as the stringent response) and a secondary codon usage axis, but this 
preliminary evidence suggests that this is a worthwhile undertaking.  
 
Discussion 
Our previous work (Karberg et al. 2011) left us with several observations 
regarding the structure of the enterobacterial pangenome. First, the plurality of 
recently acquired unique genes have such similar codon usages in E. coli and S. 
enterica that we concluded that they must be acquired from a common set of donors.  
Second, the modal codon usage of these recently acquired genes does not match the 
typical codon usage of any other species for which we have substantial codon usage 
data, including other common members of the gut microbiome.  Given the lack of an 
alternative, we concluded that the most likely sources of these genes is the genomes 
of other strains of these and other closely related species. Third, although we could 
not elucidate the mechanism(s) that maintained the distinctive codon usage of these 
genes (it is far from that of the core genes of these species), sufficiently frequent 
interspecies horizontal transfers of the genes would ensure that their codon usages 
were indistinguishable.  Thus, we proposed that these recently acquired genes are 
moving amongst these related bacteria, contributing to the accessory (peripheral) 
component of a the S. enterica and E. coli pangenome, effectively forming a 
supraspecies pangenome.  
 For this work we took advantage of the fact that the common codon usages of 
the recently acquired genes of the supraspecies pangenome provides another major 
metric beyond high expression and typical codon usages to generate a second major 
codon usage axis.  This allowed us to evaluate the codon usages of different 
evolutionary classes of genes, such as the species-specific genes, as well as specific 
genomic islands, relative to the current assumptions regarding the fate of horizontally 
transferred genes.  Having additional means to evaluate the dynamics of horizontally 
acquired genes seems increasingly important given their central role in the expanding 
accessory genomes of many lineages.   
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 When evolutionary categories of genes are viewed en masse, the prevailing 
views on amelioration are upheld; that is, the more anciently acquired genes (those 
with broader phylogenetic distribution) are on average more ameliorated to the shared 
gene “native” codon usage than are more recently acquired genes.  However, our data 
demonstrate that there is a more nuanced fate of many species differentiating and 
defining genomic islands and genes.   Some islands, such as cob/cbi/pdu, are 
ameliorated to a “native” codon usage shared by the ancestral genes.  This is in stark 
contrast to other islands, including the major SPIs.  We confirm the observations that 
the SPIs have not ameliorated (Lawrence & Ochman 1997; Vernikos et al. 2007), but 
take this a significant step further by demonstrating that this unameliorated codon 
usage is the same as that of the plurality of the most recently acquired genes, the 
unique genes.  That is, the major pathogenicity islands of S. enterica are evolving as 
though they belong to the accessory gene pool of the supraspecies pangenome.   
 Once again, we are led to the question as to why this now expanded pool of 
conserved codon usage is maintained, even well beyond the species level.  The 
prevailing thought in the field would attribute this codon usage to drift relaxation of 
translational selection, but as we previously demonstrated, the data neither fit a model 
of uniform relaxation of codon bias, nor are they consistent with a random 
accumulation of neutral mutations (substantial convergence due to the latter was 
shown to be fantastically improbable) (Karberg et al. 2011). Aside from these data, it 
is difficult to rationalize that some of the regions that distinguish the Salmonellae 
from E. coli, the SPIs — which have an extremely complex and coordinated mode of 
regulation (Golubeva et al. 2012; Main-Hester et al. 2008; Bustamante et al. 2008) — 
would be systematically and consistently under relaxed selection constraints.  It is 
reasonable to assume that the forces driving the evolution of the SPIs, genes that have 
been maintained in the Salmonellae for at least 100 million years, are not the same as 
those driving the evolution of the genes most recently acquired by a individual 
serovar; yet their codon usages appear to be the same, suggesting that there are shared 
elements to these forces. 
  We previously considered two possibilities: this codon usage reflects the 
processes of frequent transfer, or that there is intraorganismal selection (Karberg et al. 
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2011).  Although we discussed the possibility that this codon usage of the 
supraspecies pangenome might relate directly to the life-style of frequent transfer, we 
could not provide any mechanistic driver; none of the factors that we considered are 
known to act on codon usage per se. Though recent transfer was seen as a consistent 
correlate of the unique genes of the supraspecies pangenome codon usage, there is a 
tautology in this given it is how we selected the genes for study. Our current data, 
showing that this codon usage is a signature of a large number of genes that are 
presumably anciently acquired, suggests that gene transfer is not the essential 
causative factor for this codon usage.  We acknowledge that the SPI genes might be 
undergoing some sort of cryptic transfer (or may otherwise undergo frequent 
homologous recombination within the species), but in the absence of a plausible 
mechanism for transfer among closely related species to drive codon usage changes, 
and the lack of evidence for cryptic transfers of the SPI genes, we conclude that the 
explanation of codon usages of the unique genes and SPIs is more apt to lie 
elsewhere. 
 The remaining mechanism of maintenance for this codon usage found amongst 
both ancient and recently acquired genes is that it reflects an expression-related 
selective force, distinct from that high-expression bias.  It is known that a higher G+C 
content, which often correlates with the “optimal” codon usages of high expression 
genes within certain bacteria, represents a selection (Raghavan et al. 2012; Kane 
1995).  There is a vast body literature to support that the “optimal” engineering of 
codon usage results in increased expression during rapid growth, which occurs during 
exponential phase. Yet it remains unclear how often, or what proportion of a 
bacterium's or bacterial population's life, is spent in exponential phase in natural 
settings. Thus, it is conceivable that other codon usage preferences dominate during 
other phases of life.   
 There is evidence that “non-optimal” synonymous codon usage of some genes 
yields significantly better expression than does the canonical “optimal” codon usage, 
particularly under the environmental stress of starvation (Welch et al. 2009).   This is 
in part based on the demonstration in E. coli that under severe starvation conditions 
the abundance of some charged tRNA isoacceptors (those correlated with high 
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expression codon usage) approaches zero, whereas other isoacceptors remain 
relatively high (Yegian et al. 1969; Bock et al. 1966; Morris & DeMoss 1966).  Genes 
with a codon usage reflecting that of the remaining charged tRNA populations are 
then more rapidly translated under starvation conditions. This phenomenon has been 
referred to as a “starvation codon adaptation index” (Elf et al. 2003; Kudla et al. 
2009; Dittmar et al. 2005). 
 That SPI-1 and SPI-2 are induced under the regulatory scheme of the stringent 
response implies that they are expressed during times of cellular stress, including 
starvation for amino acids, carbon sources, and likely other hostile environmental 
stresses encountered within the host.  This leads us to ask if the codon usages of the 
more anciently acquired SPIs, as well as the recently acquired genes of supraspecies 
pangenome, are optimized for an alternate phase of survival such as a stress condition 
of starvation, which also coincides with the major phases of pathogenicity.  If so, 
amelioration to the native codon usage might interfere with expression of these 
critical proteins. This ultimately suggests that there is a functional aspect of this 
secondary codon usage axis; in this case, the codon usages of both the SPIs and the 
recently acquired genes of the supraspecies pangenome of S. enterica and E. coli 
effectively represent that of a stress genome.  Thus, in non-optimal growth conditions 
or other environmental stresses, the stress genome is engaged, and these genes resist 
amelioration toward the core “native” codon usage by being most useful in times of 
stress.  
 We finally consider that this codon usage is the result of a complex 
phenomenon of “occasional usefulness,” wherein genes that are only occasionally 
used are subject to alternating phases of drift and selection. The genetic complexity of 
the accessory genome is evidence that a myriad of the genes can be sustained by 
being occasionally useful to some member(s) of the species. Under certain conditions, 
genes that have little or no regular utility may become critical to proliferation, and are 
therefore periodically under stronger selection than they would otherwise be in 
absence of the condition. We have previously argued that this could plausibly allow a 
drift in codon usage away from the "native usage," though it is not clear why such 
drift should be the same in E. coli and S. enterica (Karberg et al. 2011). 
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 The broad distribution of most of the genes of the major SPIs among the 
Salmonellae and a preponderance of data indicating their essential roles in 
pathogenesis implies that these regions are sufficiently commonly useful that they are 
fixed within this lineage.  However, the regulatory complexity of these regions 
indicates that they must only be activated under very specific circumstances.  There is 
even evidence that activation of SPI-1 occurs only in a subset of an isogenic 
population in a shared environment, and that expression of this region causes a 
growth defect (at least in vitro) in the short term, but that cells that express this region 
ultimately outcompete cells that do not (Strum et al. 2011). This is in keeping with 
the idea that genes of this codon usage are only used occasionally, and only when 
stressed such that an initial cost of using these genes is ultimately outweighed by a 
survival advantage conferred by them. 
 Whether a gene is fixed or not, the similarity of the major SPI and accessory 
pangenome codon usages implies that a functional aspect is the most significant 
factor in the selection on codon usages. Though transfer of some of these genes 
(especially the non-fixed recently acquired unique genes) may be an important 
correlate for genes that are less broadly distributed amongst a lineage, we propose 
that the ultimate driver of this alternate codon usage may be a stress-induced 
occasional, but likely massive and localized expansion of the populations carrying 
them.  The expanded population would then be a potential donor strain for 
transferring the genes to other strains, thereby propagating this alternate codon usage 
in the accessory genome and the SPIs.   
 There are other proposals in the literature that a “non-optimal” or an alternative 
secondary codon usage is important adaptation for “non-optimal” conditions (i.e., 
conditions that are not optimal for exponential growth).  Examples of differential or 
secondary codon usages include the alternative codon usage in the pathogenicity 
islands of uropathogenic E. coli (which also have an average codon usage reflective 
of the S. enterica and E. coli supraspecies pangenome, as do other pathogenicity 
islands from the other E. coli study strains, found from our previous studies), the 
codon usage differences found with the Streptomyces spp. between the mode of 
vegetative growth versus the production of aerial hyphae and antibiotics, and the 
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alternative codon usage of the some sporulation associated genes Bacillus subtilis 
(Saier 1995; Leskiw et al. 2006; Ritter et al. 1997; Hannan et al. 2008; Moszer et al. 
1999).  A unifying theme of the genes with these alternate codon usages is that they 
are induced by the stringent response (Hesketh et al. 2008; Boehm et al. 2009; Ochi et 
al. 1981).  
 We expect that a phenomenon of stress-associated secondary codon usages will 
apply broadly across the microbial world.  Most microbes, including Bacteria and 
Archaea, have heterogeneous codon usages (exceptions to this codon usage pattern 
include highly reduced and highly specialized microbes, such as endosymbionts and 
obligate intracellular pathogens)(Wernegreen & Moran 1999; Herbeck et al. 2003). 
Another recurring microbial theme also fits into this notion.  As we have 
demonstrated, many genomic islands and accessory genes localize to the “nonnative” 
ear.  If, as our data on the SPIs implies, there is an alternate fate of genomic islands 
beside amelioration — a secondary stress-related codon usage ! then this may in part 
explain the nature’s consistent pattern of genomic islands possessing codon usages 
different than that of the “native” core genes.  In other words, an alternate codon 
usage of genomic islands and other horizontally acquired genes may be a functional 
adaptation for stress conditions, other non-exponentially-growing states, or otherwise 
alternate modes of life, rather than a reflection of their donor sources (this does not 
diminish the fact that some genes do come from distant hosts).     
 Much work remains to establish a definitive link between a secondary codon 
usage and a stress-related functional role.  However, we have now demonstrated that 
a common codon usage is shared by the plurality of the recently acquired unique 
genes of S. enterica and E. coli and that the anciently acquired SPIs defy amelioration 
to also share this codon usage.  If neither amelioration to a native codon usage, nor 
relaxation of codon bias, nor random mutation, nor a “nonnative” codon usage from a 
distant phylogenetic donor explain this codon usage, then other evolutionary factors 
must be considered.    
 Taken together, our findings lead us to several concluding thoughts.  It seems 
that a re-evaluation of and further investigation into the nature of the “nonnative” ear 
of codon usage is in order.  Instead of relegating any gene that does not match the 
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“native” ear of codon usages as a nebulous “nonnative” codon usage, we propose that 
such genes should be evaluated for a secondary form of codon usage bias, one that is 
adapted for stressed cell states.  In addition to providing an alternate fate of 
horizontally acquired genes beyond amelioration, the phenomenon of secondary 
stress-adapted codon usages may impart a functional theme to the ever-increasing, but 
diverse and seemingly otherwise unrelated genes of the accessory genome.  That is, 
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Table 3.1 2-Axis analysis legend 
 
General The values in the table are based on the match between the observed codon 
usage of each gene and sets of expected codon usage frequencies.  
 
Codon usage (P-value) In the case of a single set of codon usage frequencies, the 
match is represented by the P-value from a chi-square test against the expected 
frequencies. The test is described in more detail in Davis & Olsen, 2010. We use this 
measure in defining the modal codon usage, the expected codon usage frequencies 
with the largest number of genes not significantly different.    
 
Codon usage axis (P-value and x) Using two sets of codon usage frequencies, an 
axis (a line) is constructed such that it passes from the first set of frequencies through 
the second set of frequencies, as described in Davis & Olsen, 2011. The first set of 
frequencies is parameterized  
as x = 0; the second set for frequencies is parameterized as x = 1. 
     Shared axis: Generated from the set of the LT2 shared  
     genes. x = 0 represents the modal frequencies of the shared gene set;  
     x = 1 represents the high expression frequencies from high expression  
     candidates of the shared gene set. 
     Unique axis: x = 0 again represents the modal frequencies  
     of the shared gene set; x = 1 represents the modal frequencies of the  
     S. enterica unique genes as compiled from the 5 S. enterica study  
     strains (as described in this study and in Karberg et al. 2011). 
     x: An individual gene is evaluated in terms of the x coordinate on the  
     axis that best matches its observed codon usage. In these analyses,  
     the value of x is constrained to limit negative values (in these studies to  
     -0.1). 
     P-value: P-value of a gene match to the frequencies at that value of x.  
 
Background colors The match of each gene to a codon usage (or to a codon usage 
axis) is given a background color that reflects characteristics of the match.  
Luma (perceptual brightness) Matches with a higher P-value are shown on a lighter 
background, and the background darkens as the P-value of the match becomes lower 
(a worse match). In the case of a match to a single codon usage (e.g., the modal 
codon usage), the best matches are on a white background. In the case of an axis, 
the best matches are darker, so that color can be used.  
 
Hue In the case of the match to a codon usages axis, the hue reflects the coordinate 
of the best matching codon usage on the axis. By default, a match to the origin of the 
axis (normally the modal codon usage) is green. In the case of the native codon 
usage axis, as the match shifts toward the high expression codon usage, hue 
becomes redder, or even bluish red. In the case of the nonnative codon usage axis, 
as the match shifts toward the nonnative ("alien") codon usage, the hue becomes 
bluer, or even reddish blue.  
 
Saturation This is used to provide a qualitative sense of the significance of the axis 
position value. When the position along the axis is better defined, the color is more 
saturated; when the position along the axis is uncertain, the color is less saturated. 
! "+(!
! !
Table 3.2 Average axis positions of gene groups
Gene Category Number of genes
Shared axis Unique axis
Shared genes 0.17 (±0.43) 0.11 (±0.26) 2040
Other genes, both genera1 0.14 (±0.46) 0.30 (±0.39) 712
Other genes, genus specific2 -0.05 (±0.17) 0.74 (±0.53) 710
Species specific genes -0.05 (±0.16) 0.50 (±0.46) 756
Unique genes -0.02 (±0.23) 0.87 (±0.61) 307
cob/cbi/pdu 0.02 (±0.25) 0.12 (±0.26) 43
SPI-1 -0.10 (±0.01) 0.96 (± 0.45) 46
SPI-2 (entire island) -0.10 (±0.00) 0.98 (±0.46) 44
SPI-2 (region absent in S. bongori) -0.10 (±0.00) 1.22 (±0.25) 34
SPI-3 (entire island as in LT2) -0.05 (±0.10) 0.52 (±0.52) 29
SPI-4 -0.10 (±0.00) 1.43 (±0.42) 6
SPI-5 -0.10 (±0.00) 1.27 (±0.46) 8
Gifsy-1 -0.05 (±0.12) 0.89 (±0.45) 53
Gifsy-2 -0.07 (±0.11) 0.93 (±0.41) 54
Fels-1 -0.05 (±0.10) 0.76 (±0.49) 40
Fels-2 0.08 (±0.23) 0.63 (±0.55) 47
10X ESP ppGpp upregulated3 0.02 (±0.29) 0.92 (±0.64) 32
10X ESP ppGpp upregulated 
including operon genes -0.05 (±0.19) 0.97 (±0.52) 79
10X ESP ppGpp downregulated 0.26 (±0.56) 0.25 (±0.40) 228
10X ESP ppGpp downregulated 
including operon genes 0.23 (±0.55) 0.25 (±0.39) 347
Average axis position 
1.  Genes with at least 1 orthologue in both S. enterica and E. coli strains 
2.  Genes in present in at least 2 S. enterica strains, but less than all 5 S. enterica 
strains; nor present in E. coli strains  
3.  ESP = early stationary phase, data integrated from Ramachandran et al. 2012 
4.  SPI regions generally defined relative to presence in the 5 S. enterica study 
strains relative to absence in the 5 E. coli study strains with additional 
integration of data compiled from Fookes et al. 2011, Jacobsen et al. 2011 and 












Figure 3.1 First two axes of a factorial correspondence analysis (FCA) of the codon 
usages of S. enterica Typhimurium LT2 with the shared and unique axis 
projections. The shared genes are represented by the small orange spheres, the 
unique genes by small blue spheres, with all other genes as small grey spheres. 
The large green sphere is the modal codon usage of the shared genes, the large 
yellow-orange sphere is the modal codon usage of candidate highly expressed 
genes, and the dotted line connecting these points is the resulting shared gene 
codon usage axis. The large blue sphere is the modal codon usage of the compiled 
1903 S. enterica genes (unique to one of the five S. enterica strains, and not found 
in any of five E. coli strains) with the corresponding connecting dotted line 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































axis match  
Unique gene
axis match     
x P-value  x P-value  Gene  Description
!0.10 3.9e!1  0.16 3.1e!1  cobT  nicotinate-nucleotide--dimethylbenzimidazole PRT
!0.10 7.7e!1  0.02 7.0e!1  cobS  cobalamin synthase
!0.10 6.6e!1  0.22 6.3e!1  cobU  adenosylcobinamide kinase/adenosylcobinamide-phosphate guanylyltransferase
!0.10 2.7e!1  !0.10 3.0e!1  cbiP  cobyric acid synthase
!0.10 1.2e!1  0.50 3.0e!1  cbiO  cobalt transporter ATP-binding subunit
!0.10 3.0e!2  0.13 1.8e!2  cbiQ  vitamin B12 biosynthetic protein
!0.10 3.5e!1  !0.10 3.5e!1  cbiN  cobalt transport protein CbiN
!0.10 5.3e!1  0.21 4.1e!1  cbiM  cobalt transport protein CbiM
!0.10 3.1e!1  0.19 2.2e!1  cbiL  cobalt-precorrin-2 C(20)-methyltransferase
0.08 6.2e!1  !0.10 6.2e!1  cbiK  vitamin B12 biosynthetic protein
!0.10 8.6e!1  !0.03 7.7e!1  cbiJ  cobalt-precorrin-6x reductase
0.06 3.3e!1  !0.10 3.5e!1  cbiH  precorrin-3B C17-methyltransferase
!0.10 1.4e!1  0.25 1.1e!1  cbiG  cobalamin biosynthesis protein CbiG
0.08 8.3e!1  !0.03 8.2e!1  cbiF  vitamin B12 biosynthetic protein
!0.10 7.8e!1  0.28 7.6e!1  cbiT  cobalt-precorrin-6Y C(15)-methyltransferase
!0.10 3.2e!1  0.15 1.9e!1  cbiE  cobalt-precorrin-6Y C(5)-methyltransferase
!0.10 3.4e!1  !0.08 2.1e!1  cbiD  cobalt-precorrin-6A synthase
!0.10 1.4e!1  !0.03 1.1e!1  cbiC  cobalt-precorrin-8X methylmutase
!0.10 5.5e!1  0.04 4.1e!1  cobD  cobalamin biosynthesis protein
!0.10 1.4e!1  0.44 5.0e!1  cbiA  cobyrinic acid a,c-diamide synthase
!0.10 8.9e!4  0.90 2.4e!1  pocR  transcriptional regulator
!0.10 8.3e!2  0.63 4.2e!1  pduF  propanediol diffusion facilitator
!0.10 9.4e!3  0.63 4.5e!2  pduA  polyhedral body protein
0.69 1.3e!1  !0.10 1.6e!2  pudB  polyhedral body protein
0.80 9.6e!6  !0.10 6.5e!12  pduC  propanediol dehydratase large subunit
0.33 3.2e!1  !0.10 2.3e!1  pduD  propanediol dehydratase medium subunit
0.50 9.5e!1  0.01 7.7e!1  pduE  propanediol dehydratase small subunit
0.22 9.9e!3  !0.10 1.1e!2  pduG  propanediol dehydratase reactivation prot
!0.10 9.0e!1  0.13 8.9e!1  pduH  propanediol dehydratase reactivation prot
0.44 4.3e!1  0.32 3.9e!1  pduJ  polyhedral body protein
!0.02 2.5e!2  0.68 2.4e!1  pduK  polyhedral body protein
!0.10 2.5e!1  0.02 2.2e!1  pduL  propanediol utilization protein
0.12 6.0e!1  !0.10 6.5e!1  pduM  propanediol utilization protein
!0.10 6.7e!2  0.33 7.9e!2  pduN  polyhedral body protein
0.05 1.9e!4  !0.10 2.8e!4  pduO  propanediol utilization protein
0.35 8.9e!2  !0.10 5.3e!2  pduP  CoA-dependent propionaldehyde dehydrogenase
0.05 3.9e!3  !0.10 7.6e!3  pduQ  propanol dehydrogenase
0.02 1.0e!2  !0.04 1.0e!2  pduS  polyhedral body protein
!0.09 4.1e!1  !0.10 4.3e!1  pduT  polyhedral body protein
!0.03 4.7e!1  0.22 5.2e!1  pduU  polyhedral body protein
!0.10 2.4e!1  !0.10 2.7e!1  pduV  propanediol utilization protein
!0.10 8.6e!1  0.13 8.0e!1  pduW  propionate kinase
!0.10 6.6e!1  0.39 8.2e!1  pduX  propanediol utilization protein
Figure 3.3 Two-axis analysis of the codon usages of the 
cob/cbi/pdu region. See Table 3.1 for detailed description 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































! ! SPI-3 – SPI-5Shared gene
axis match  
Unique gene
axis match     
x P-value  x P-value  Gene  Description
0.08 1.3e!2  0.54 1.2e!1  rhuM  putative cytoplasmic protein
!0.10 8.8e!7  1.30 1.8e!1  rmbA  putative cytoplasmic protein
0.20 2.9e!1  0.46 7.6e!1  misL  putative autotransporter
!0.10 4.4e!1  0.45 5.6e!1  fidL  putative inner membrane protein
!0.10 4.0e!3  0.77 3.8e!1  marT  putative transcriptional regulator
!0.05 7.0e!4  0.35 1.9e!3  slsA  putative inner membrane protein
!0.10 2.9e!3  0.49 1.2e!2  cigR  putative inner membrane protein
!0.10 6.6e!1  0.10 5.7e!1  mgtB  Mg2+ transporter
!0.10 1.5e!2  0.48 4.0e!2  mgtC  Mg2+ transport protein
!0.10 2.5e!2  0.34 5.3e!2  yicL  putative permease
!0.10 6.3e!5  0.46 2.2e!4  STM3766  putative cytoplasmic protein
0.04 7.8e!1  !0.10 8.7e!1  STM3767  putative cytoplasmic protein
!0.10 3.6e!1  0.02 3.1e!1  STM3768  putative selenocysteine synthase
0.15 2.5e!1  !0.10 2.8e!1  STM3769.S  putative phosphotransferase system enzyme II
0.22 1.5e!1  !0.10 1.2e!1  STM3770  putative phosphotransferase system enzyme IIC
0.01 7.7e!1  0.16 7.9e!1  STM3771  putative phosphotransferase system enzyme IIB
!0.10 7.0e!2  0.09 4.1e!2  STM3772  putative phosphotransferase system enzyme IIA
!0.02 8.0e!1  !0.10 9.1e!1  STM3773  putative transcriptional regulator
!0.10 7.1e!1  0.25 6.4e!1  STM3774  putative inner membrane protein
!0.10 3.3e!2  !0.10 3.5e!2  STM3775  putative glycosyl hydrolase
0.03 2.2e!1  !0.09 2.3e!1  nepI  ribonucleoside transporter
!0.10 2.1e!1  0.69 6.1e!1  STM3777  putative cytoplasmic protein
!0.10 4.5e!1  0.74 7.6e!1  STM3778  putative DNA-binding protein
!0.10 3.4e!4  1.27 2.2e!1  STM3779  putative phosphotransferase system HPr protein
!0.10 1.4e!8  1.10 6.2e!2  gatY  putative fructose-1,6-bisphosphate aldolase
!0.10 3.3e!14  1.02 5.6e!2  STM3781  putative sugar kinase
!0.08 3.4e!9  0.92 8.0e!2  STM3782  put. PTS galactitol-specific enzyme IIC component
!0.10 4.5e!8  1.76 1.9e!1  STM3783  putative periplasmic protein
!0.10 9.0e!4  1.23 5.7e!1  STM3784  PTS mannitol/fructose-specific IIA component
!0.10 3.5e!8  1.33 4.6e!1  STM3785  putative regulatory protein
 
!0.10 1.0e!14  1.83 7.6e!2  STM4257  hypothetical protein
!0.10 1.0e!14  1.52 3.1e!3  STM4258  putative methyl-accepting chemotaxis protein
!0.10 1.0e!14  1.48 1.9e!1  STM4259  put. ABC exporter outer membrane component
!0.10 1.0e!14  1.58 1.3e!5  STM4260  cation efflux pump
!0.10 2.0e!1  0.61 9.9e!1  STM4261  putative inner membrane protein
!0.10 1.0e!14  1.57 2.5e!5  STM4262  putative ABC-type bacteriocin/lantibiotic exporter
 
!0.10 1.0e!14  1.47 8.8e!2  pipA  pathogenicity island-encoded protein A
!0.10 1.0e!14  1.92 1.9e!4  pipB  secreted effector protein
!0.10 6.5e!10  1.41 1.8e!1  STM1089  putative inner membrane protein
!0.10 1.5e!1  0.97 8.3e!1  pipC  pathogenicity island-encoded protein C
!0.10 2.4e!7  0.83 1.8e!2  sopB  secreted effector protein
!0.10 1.3e!2  1.22 3.2e!1  orfX  putative cytoplasmic protein
!0.10 1.4e!6  1.75 5.6e!1  STM1093  putative cytoplasmic protein
!0.10 3.3e!3  0.58 1.0e!1  pipD  pathogenicity island-encoded protein D
Figure 3.5 Two-axis analysis of the codon usages of SPI-3, 
SPI-4, and SPI-5 (in order from top to bottom panel). SPIs 
defined by the presence of the regions in the 5 S. enterica study 
strains relative to the absence of the regions in the 5 E. coli study 
strains.  Additional general considerations of SPI designations 
from other data compiled from Fookes et al. 2011 and Jacobsen 
et al. 2011, and specifically Sabbagh et al. 2010  and Blanc-
Potard et al. 1999 (SPI-3), Wong et al. 1998 (SPI-4), and Wood et 




Figure 3.6 FCA of the codon usages of the Typhimurium LT2 major Salmonella 
Pathogenicity Islands (SPIs) relative to all LT2 genes. Each SPI is represented by a 
distinct color: SPI-1 (green), SPI-2 (teal), SPI-3 (blue), SPI-4 (purple) and SPI-5 




Figure 3.7 Number of S. enterica Typhimurium LT2 gene matches to a given axis 
or axes by evolutionary category.  Any given gene may: 1) match only one axis, 
the shared axis or the unique axis,   2) match both axes, or 3) not match either 
axis.  For this analysis, a gene was considered a match to an axis at a ! " 0.01. 
! ""&!
! !
Figure 3.8 FCA of the codon usages of the Typhimurium LT2 orthologs that are at 
least 10-fold changed between Typhimurium SL1344 WT and relA spoT (ppGpp 
deletion mutant) strains.  ppGpp upregulated genes are rose (first gene in operon) 
and chinese orange (other associated operon genes).  Down regulated genes are 
purple (first gene in operon) and blue (other operon genes).  All other genes are 
grey. 
! ""'!
Chapter 4:  Gene and pathway decay in the host-specific S. 
enterica serovars: the strange fate of the cob/cbi/pdu region !
 
Abstract  
 Though closely related, Salmonella enterica serovars vary widely in both their 
host-specificities and the diseases they elicit.  As the number of available complete 
Salmonella enterica genome sequences increases, so does the opportunity to elucidate 
the evolutionary forces that influence host-specificity and pathogenicity of the 
Salmonella enterica serovars.  The preliminary comparative analyses of the serovar 
sequences has thus far revealed a correlation between pseudogene load and host-
specificity; i.e., the smaller the host range or the more host-adapted an organism is, 
the greater the pseudogene content of the genome.  It is has been hypothesized that 
the acquisition of traits is the initial impetus for increased niche specialization, 
whereas initial pseudogene accumulation is a reflection of a more host-adapted 
lifestyle.  An assumption that follows is that a serovar first acquired a trait that 
allowed it to spread and survive systemically, and that genome decay in the 
Salmonellae is more of a passive, rather than active process that occurs after a host-
specific lifestyle is initiated.  The 43-gene cob/cbi/pdu region, which encodes the 
products for the B12-dependent 1,2-propanediol utilization (a main source of carbon 
within the gut) provides an ideal framework to address test this assumption as the 
region and overall function of the pathway is intact in generalist serovars, but is 
accumulating pseudogenes within the host-specific serovars.  In this chapter, we 
again employ codon usage analyses, though in this case they are used to elucidate the 









 The host ranges and diseases elicited by Salmonella enterica vary widely 
between serovars (Rabsch et al. 2002). Though key mechanisms of the S. enterica 
pathogenic processes have been elucidated, many questions, especially regarding the 
evolution of host-specificity, remain.  As discussed in previous chapters of this 
dissertation, horizontal gene transfer has a profound role in the evolution of even very 
closely related strains such as those of the Salmonellae.  However, lineages with 
dynamic genomes are also constantly subject to gene loss processes that have 
significant impact their functional capacities, including significant impact on host-
specificity.  
The S. enterica serovars are an ideal system for investigations into the evolution 
of host-specificity because they can be grouped according to their host ranges 
(Baumler et al. 1998; Kingsley & Baumler 2000).  Seovars Typhimurium and 
Enteritidis are considered to be generalist strains since they are capable of infecting 
multiple species of animals.  For example, both Typhimurium and Enteritidis are 
known to infect humans, chickens, and mice, causing gastroenteritis, an 
asymptomatic chronic infection, and a severe systemic Typhoid-like fever, 
respectively.  Other serovars have a smaller host range of infectivity such that they 
are optimally suited to infect and cause disease in a specific animal, yet are still 
capable of doing so in other animals.  Examples of such “host-adapted” strains are 
serovar Dublin, which elicits disease in cattle, and Choleraesuis, which primarily 
infect swine, are characterized as host-adapted.  Strains belonging to the third class of 
serovar are capable of infecting only one host species and are termed host-specific.  It 
is often this type of strain that causes the most severe systemic diseases in their hosts.  
The human typhoid fever causing Typhi, and fowl-specific Pullorum and Gallinarum 
belong to this class of serovars.  Salmonella bongori (Bongori) is a commensal strain 
of lizards and does not cause disease. 
        Despite such ranges in host-specificity and diseases elicited, the serovars have a 
high degree of identity at the sequence level.  As expected, initial genome analyses 
show that the housekeeping genes of the serovars are highly similar at 97.6% to 
! "")!
99.5% nucleotide sequence identity (Edwards et al. 2002).  S. enterica serovars also 
employ a similar basic battery of pathogenic mechanisms to colonize and exploit their 
host systems.  Most notably, members of these species contain five large insertions 
that share a high degree of nucleotide sequence identity in protein-coding genes 
(97.2% to 98.8%), as compared to their closely related "cousin" E. coli (Salmonella – 
E. coli nucleotide sequence identity in protein-coding genes is ~85%).  This high 
degree of identity between the S. enterica insertions, termed Salmonella 
Pathogenicity Islands (SPIs) 1-5, suggests that this evolutionary event took place after 
the divergence of Salmonella and E. coli.  Much emphasis has been placed on 
elucidating the gene content of these insertions.  Known virulence determinants of the 
islands include fimbriae, flagella, Type III secretion systems, acid-tolerance 
responses, macrophage killing defenses, and lipid modification systems to induce host 
responses beneficial to the bacteria (Lucas & Lee 2000; Marcus et al. 2000).  
However, other reports suggest that loss of function mutations may influence host-
specificity.  An example of this phenomenon is shown in experiments with serovar 
Enteritidis that show that the loss of SEF fimbriae enhances virulence in chickens, but 
results in a decrease of virulence in mice (Edwards et al. 2000). 
        Comparative genome analyses of the first S. enterica serovar complete genome 
sequences Typhi and Typhimurium also revealed the presence of pseudogenes (open 
reading frames with at least one "loss of function" mutation — nonsense, frameshift, 
deletion, or insertion) in each genome (McClelland et al. 2001; Parkhill et al. 2001). 
Of particular interest is that host-specific Typhi has 204 pseudogenes compared to 34 
pseudogenes in the generalist Typhimurium.  A hypothesis that addresses this large 
discrepancy in pseudogene content between these serovars suggests that pseudogenes 
may be reflective of host-specificity; i.e., the loss of gene products through reductive 
evolution, via gene inactivation, may be an indication of decreased host range, but 
increased niche specialization (Parkhill et al. 2001). 
 
Pseudogene accumulation relative to host range 
 An initial goal of these dissertation studies was to determine if host range is 
associated with relative pseudogene accumulation. That is, the hypothesis was that 
! ""*!
the more restricted the host range, the greater the accumulation of pseudogenes. At 
the outset of these studies, complete genome sequences were available for serovars 
Typhimurium LT2 and Typhi CT18 and genome sequencing of serovars was also 
underway at the University of Illinois (Choleraesuis, Pullorum, Dublin), the 
University of Wisconsin (Ty2) and the Sanger Center (Gallinarum, Enteritidis).  The 
sequencing projects at the University of Illinois were eventually halted due to funding 
constraints and transitioned to other organizations, though the other organizations 
continued with their sequencing projects.   
By the time that this dissertation was written, other organizations had 
completed the genome sequences of the aforementioned serovars, published their 
analyses of them, including their analyses of pseudogene accumulations.  In general, 
the generalist serovars, such as Typhimurium and Enteritidis, have a smaller number 
of pseudogenes (34 and 113, respectively), whereas the host specific strains have 
pseudogene complements that are at least double to nearly ten times the number of 
pseudogenes as the generalist strains (summarized in Table 4.1) (McClelland et al. 
2001; Thompson et al. 2008). Host-adapted Choleraesuis has an intermediate number 
of pseudogenes (151) as expected, though Dublin has a complement (289) in the 
range of the host-specific serovars (Chiu et al. 2005; Betancor et al. 2012).     
Others have gone on to publish more extensive analyses of pseudogene 
accumulations amongst the S. enterica serovars.  For example, Langridge found that 
serovars Typhi and Gallinarum can grow on less than 1/3 of the substrates than can 
Typhimurium and that many of these losses can be associated with pseudgenization 
of these pathways (Langridge 2010). Other important classes of pseudogenes noted by 
Langridge include membrane and surface structures, chaperones, and those of 
unknown or hypothetical functions. By virtue of the fact that the distinct host-specific 
serovars in this study (multiple strains of Typhi, Typhisisus, Paratyphi A, and 
Gallinarum) have 211, 190, 187, and 306 pseudogenes, respectively, but have only 2 





The cob/cbi/pdu region: a hot-spot of pseudogene accumulation in the 
host-specific serovars of S. enterica 
Within generalist Typhimurium, the 43-gene cob/cbi/pdu region encodes genes 
for the utilization of 1,2-propanediol (pdu), as well as the adjacent co-regulated, but 
divergently transcribed, cobalamin biosynthetic genes (cob/cbi) (Jeter 1990; Bobik et 
al. 1999; Walter et al. 1997).  A large body of work characterizing these pathways 
revealed that the B12-dependent catabolism of 1,2-propanediol is the result of a both 
a complex regulatory scheme and a finely tuned series of biochemical steps.  Yet, the 
complete significance of this pathway, which comprises about 1% of the genome, to 
the lifestyle of S. enterica Typhimurium remains unknown.    
The significance of this pathway is particularly intriguing in relation to host-
specificity given the apparent accumulation of pseudogenes in the first sequenced 
host-specific strain, serovar CT18.  Amongst the 204 pseudogenes found in the first 
complete host-specific serovar genome sequence, Typhi CT18, 5 were within the 
cob/cbi/pdu cluster (~2% of the predicted pseudogenes), including cbiC, cbiJ, cbiK, 
cbiM, pduN (Parkhill et al. 2001) Since this region encodes the functions for 
utilization of propanediol which is thought to be a rich source of carbon within the 
gut, we hypothesized that pseudogene accumulation within this region might reflect 
Typhi’s lifestyle as more of a systemic, rather than an enteric, pathogen, so that this 
region was no longer needed for survival within the gut and was thereby lost.   
Even before the complete genome sequences for any S. enterica serovars were 
available, Lawrence and Roth tested 72 S. enterica serovars tested for ability to 
synthesize B12 and use propanediol as a sole C-source.  They observed that host-
specific strains such as Typhi, Gallinarum, and Pullorum were unable to grow under 
these conditions and that Gallinarum was unable to synthesize B12 (Lawrence & 
Roth 1996).  Thus, an initial goal of this project was to determine if this pathway was 
inactivated amongst other host-specific serovars.  Though our initial studies on the 
draft sequences of Gallinarum revealed several distinct (from CT18) inactivations 
within cob/cbi/pdu pathway in cbiC, cbiD, cbiO, pocR, pduG and pduO, the Sanger 
Center also arrived at the same conclusions and published this information with the 
release of the complete genome sequence (unpublished observation; Thompson et al. 
! "#"!
2008; see Figure 4.1 for graphical representation of the pseudogenes within these 2 
host-specific strains).  In addition, pduF and pduG are pseudogenes in Paratyphi A 
strains, ATCC9150 and AKU_12601, respectively (Holt et al. 2009).  This is in stark 
contrast to the generalist strains for which this region is intact (lacks any obvious 
inactivating mutations such as frameshifts, internal stop codons, or major truncations, 
deletions or insertions).  Even within the host-adapted serovar Dublin, which has a 
relatively large complement of pseudogenes, this region is intact (unpublished 
observation).  However, within host-adapted Choleraesuis there are two truncations in 
adjacent genes, pduT and pduU, both of which are predicted to encode proteins of the 
polyhedral organelle, a microcompartment that is thought to sequester toxic or 
volatile intermediates of metabolism, such as the reactive propionaldehyde 
intermediate of the 1,2-propandiol catabolic pathway.  My own analyses show that 
pduT is a pseudogene, in contrast to the report of Chiu and colleagues, showing pduT 
as an intact gene (Chiu et al. 2005).  While deletions of pduT and pduU have been 
shown to have a mild growth phenotype and are thereby proposed to be important for 
maximal activity of 1,2-propanediol catabolic enzymes, they do not affect the 
microcompartment structure or accumulation of proprionaldehyde (Chen et al. 2011).  
This is in contrast to deletions of pduA, pduBB', pduJ and pduN, each of which leads 
to toxic accumulations of propionaldehyde and growth arrest (Cheng et al. 2011).  
Notably, as above, pduN is a pseudogene in serovar Typhi.  
It is also apparent that this region may be significant to the evolution of enteric 
pathogens in general. As discussed in Chapter 3, it is possible that this region was lost 
and then reacquired by S. enterica (Lawrence & Roth 1996). This begs the question 
of why would it be advantageous to reacquire, maintain, and use such a complex 
system.  Furthermore, not only do the S. enterica serovars have this genomic region, 
but other major enteric pathogens, Yersinia enterocolitica 8081, Listeria 
monocytogenes, Klebisella pneumoniae, Shigella sonnei 53G, pathogenic Escherichia 
coli E2348/6, Clostridial species perfringens and tetani, also maintain these 
components of this pathway, though as discussed in Chapter 3, the next closest intact 
region amongst sequenced whole genomes is found within Klebsiella oxytoca.  In 
addition, thus far, this pathway has also been found amongst some members of the 
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human microbiota, including the Firmicutes (though it is absent from the 
Bacteroides).  Thus, retention of this pathway amongst pathogens that primarily cause 
gut disease relative to the degradation of this pathway amongst host-specific serovar 
Typhi (which causes a systemic disease with little initial gut symptoms), suggests that 
the functions of this region may be a specialization for a more gut-restricted lifestyle.  
This idea gains traction in light of analyses of pseudogene accumulation in other host-
specific serovars (Figure 4.1).  
 
Background on process of pseudogene accumulation 
With an intracellular lifestyle, the process by which this genome reduction 
could occur is explained by the concept of Muller's Ratchet (Muller 1964; Felsenstein 
1974).  Muller postulates that deleterious mutations will accumulate in asexual 
populations, thus increasing the mutational load and ultimately resulting in the 
fixation of mutations due to genetic drift.  This phenomenon has been observed in 
laboratory situations (by Muller and others) for asexually propagated protozoa, RNA 
viruses, vesicular stomatitis virus, and Salmonella Typhimurium (Andersson & 
Hughes 1996; Moran 1996).  Muller's Ratchet is particularly exemplified by the 
"accelerated evolution" of endosymbiotic bacteria  (Moran 1996).  The nature of 
endosymbionts' strict host-specificity allows for the host to create a tight selective 
bottleneck.  Thus, clonal populations are established and mutations accumulate at 
higher rates than would occur at random, effectively accelerating evolution.  This 
concept related to our initial hypothesis in that the more host-adapted an organism is, 
the greater the influence of Muller's Ratchet will be on a population due to the 
bottleneck effect of limited hosts.   
Further, an assumption regarding the evolutionary dynamics of pseudogene 
accumulation is that it is a passive process.  That is, genes that are no longer useful 
(and non-harmful), and thereby presumably no longer under selection constraints, will 
eventually accumulate mutations that will render them non-functional (and at faster 
rates than useful genes, or they can be lost outright, though we do not address this 
within this work).  As demonstrated by comparisons of closely related Buchnera 
aphidicola strains, Mycoplasma spp. and Rickettsia spp., acquisition of an 
! "#$!
intracellular lifestyle has led to a consistent pattern of gene degradation amongst 
nucleotide and vitamin biosynthetic, energy metabolism, and regulatory genes 
(Moran 2002).  In these cases, it is thought that these lineages no longer need to 
maintain such capabilities because they are obtaining the needed factors from their 
host cells.  Thus, initial genome reduction is the result of, rather than the impetus for, 
increased niche specialization. However, the outcome this gene loss is that these 
lineages become dependent on their host cells for survival; i.e., they become 
obligately host-associated.  
Likewise, our prediction for the host-specific Salmonella enterica serovars is 
that genome reduction is occurring in a passive, rather than active process.  We 
address this by the comparative analysis of synonymous and nonsynonymous 
substitutions of intact genes and pseudogenes within the host-specific serovars.  We 
will also use other codon usage studies to help elucidate the evolutionary dynamics of 
the presumed decaying region of cob/cbi/pdu within the host-specific S. enterica 
serovars.  
 
Materials and Methods 
Coding sequence data 
 Complete genome sequences and coding regions were retrieved from the ftp site 
of the NCBI Bacterial Genomes collection. For the pseudogene analyses and 
substitution rate analyses described within, data for Salmonella enterica subsp. 
enterica serovars Typhimurium str. LT2 and Typhi CT18 were initially retrieved in 
January of 2002.  Draft sequence data for Salmonella enterica subsp. enterica serovar 
Gallinarum str. 287/91 was retrieved as available from the Sanger Center 
(ftp://ftp.sanger.ac.uk/pub/pathogens/Salmonella/), at 5X coverage in March 2003, 
and 11X coverage in April 2004, and May 2005, with the complete genome sequence 
available at NCBI in September 2008.  The Gallinarum 287/91 substitution analyses 
were done with the draft sequence from May 2005. The complete Gallinarum 287/91 
genome sequence was downloaded in June 2013 and analyzed to confirm pseudogene 
designations.  For other codon usage analyses (axis analyses), Salmonella enterica 
subsp. enterica serovar Typhimurium str. LT2 was retrieved in January of 2009 and 
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Salmonella enterica subsp. Enterica serovars Choleraesuis str. SC-B67, Dublin str. 
CT 02021853, Paratyphi A str. AKU 12601, and Typhi str. Ty2 were retrieved from 
in July of 2009.  The complete Gallinarum 287/91 sequence downloaded in June 2013 
was also used in the axis analyses. 
 
Pseudogene identification 
 Programs that find pseudogenes are based on TBLASTN outputs, by which a 
protein query is used to search a DNA database translated in all six frames.  For 
example, to identify the Gallinarum pseudogenes, the annotated Typhimurium LT2 
protein sequences were used as the queries and were searched against a database of 
the Gallinarum DNA sequences.  By using this type of BLAST, frameshifts are easily 
distinguished as separate alignments of the beginning and ending of the query with 
adjacent parts of the genomic DNA (TBLASTN starts a new region of alignment each 
time the translation frame changes).  Pseudogenes resulting from internal nonsense 
codons, truncations and deletion are found using other analyses of the BLAST output.  
We only considered pseudogenes that were of 90% identity (in the case of 
frameshifts, we considered each reading frame by the same criteria). AWK and perl 
scripts were written to find pseudogenes, though there are now numerous publicly 
available pseudogene-finding programs.  In the cases of detailed analyses of 
pseudogene accumulations of specific genomic regions, the TBLASTN outputs were 
manually inspected to confirm the automated output.  
 It is important to note that reported pseudogene contents published within the 
literature vary according to the reference strain.  Within this work, we report 
pseudogenes relative to serovar LT2, so comparisons to other reference strains may 
slightly change the total numbers of pseudogene complements.   
The initial studies of pseudogene complements were undertaken with both the 
complete genome sequences and the draft sequences available at the time, though it 
became apparent that the latter sequences would have more errors making 
pseudogene predictions less accurate (for example, draft Gallinarum sequences 
downloaded from the Sanger Center at 5X and then ~11X coverage yielded 567 and 
282 pseudogenes, respectively).  Ultimately, reliable whole genome pseudogene 
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accumulation analyses should be done with complete genome sequences.  It is also 
important to note that even with whole genome sequences, pseudogene 
determinations based on obvious inactivating mutations such as frameshifts, internal 
stop codons, truncations, deletions or insertions only detect a minimum inventory of 
pseudogenes.  Other mutations, such as non-synonymous substitutions (and even 
synonymous substitutions under some conditions) may also render a protein less, or 
even non-, functional. 
 
Synonymous and nonsynonymous substitution analyses  
In-house perl scripts that analyze BLASTN outputs were used.  The annotated 
Typhimurium LT2 DNA sequences were used as the queries and were searched 
against a database of the either Gallinarum 287/91 or Typhi CT18 DNA sequences.   
 
Codon usage analyses  
 The determination of codon usages is again based on modal codon usage (Davis 
& Olsen, 2010).  The modal codon usage is the expected codon usage frequencies that 
match the largest number of genes in a set of genes (a match to the mode is defined as 
a gene that is not significantly different; P < 0.1).  
 For the axis projection analysis of codon usages, we adapted the codon usage 
axis projection tool described by Davis and Olsen, to multiple axes.  We calculated, 
the native codon usage axis and the unique gene (compiled from 5 S. enterica strains) 
axis as described in Chapter 3 (Davis & Olsen 2010). The non-native axis is 
generated in a similar fashion except that this axis represents the half line from the 
genome modal codon usage to the non-native gene (generated from any gene that 
does not match the native axis) modal codon usage.  In all cases, a gene is considered 
a match to an axis if it is not significantly different (P > 0.1) from all points on the 






Results and Discussion 
Synonymous and nonsynonymous substitution analyses of the S. enterica 
host-specific cob/cbi/pdu regions  
 The decaying cob/cbi/pdu region of the host-specific S. enterica serovars 
relative to the intact generalist regions provides for an opportunity to elucidate the 
evolutionary dynamics of decaying genes.  Further, because microbes often have 
related functions clustered within operons or other transcriptional units, inactivating 
mutations within genes of a transcriptional unit may have polar effects on other 
seemingly intact genes and/or may otherwise inactivate a critical function of a 
pathway such that the overall function is lost.  Since the host-specific serovars 
Gallinarum and Typhi have already been demonstrated to lack the ability to use 
propanediol, we presume that the pseudogenes found within each host-specific region 
are sufficient to cause his this loss of function.  Thus, study of this presumably 
decaying region may also yield insights on the evolutionary dynamics of genes that 
appear to be intact, but no longer useful for their presumed primary function.  
As above, the assumption regarding the evolutionary dynamics of pseudogene 
accumulation is that it is a passive process in which genes that are no longer useful 
(and non-harmful) will accumulate mutations that will render them non-functional 
and that this process is hastened by the adoption of a more intracellular lifestyle. The 
host-specific serovars of S. enterica fit well within this theoretical framework.  Both 
human-specific Typhi as well as fowl-specific Gallinarum are distinct from the 
generalist strains in that they both thrive and are specialized for disease beyond the 
gut, and further, they both cause chronic infection states beyond the gut.  It is likely 
that both host-specific lineages spend less time competing for resources in the gut or 
in the environment than do the generalist strains (for the which much of their life is 
restricted to the gut), and thereby they no longer need to maintain as diverse of a 
metabolic repertoire.  Thus, the expectation is that pseudogenes will accumulate in 
pathways that are no longer necessary for survival, such as the 1,2-propanediol 
utilization pathway.  
Pseudogenes are presumably non-functional genes that are no longer under 
selection constraints (and are thereby drifting). Thus, in theory, the pseudogenes will 
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accumulate ~3 nonsynonymous changes to 1 synonymous change.  However, if genes 
are detrimental in the host-specific context we would expect nonsynonymous changes 
to accumulate at a much higher rate (nonsynonymous  >> synonymous).  Such a 
scenario would represent cases in which pseudogene formation is more of an adaptive 
rather than neutral process.  Finally, if a gene is selected for retention, synonymous 
changes may significantly outnumber nonsynonymous ones (synonymous >> 
nonsynonymous). However, the ratios of nonsynonymous to synonymous mutations 
will have some dependence on the timing of inactivation.  For example, recent 
pseudogenes will likely still have a relatively low number of nonsynonymous changes 
relative to synonymous ones. We also consider that within the decaying region of 
cob/cbi/pdu there are still many intact genes, though the overall function of the 1,2-
propanediol pathway has been lost as previously established by Lawrence and Roth 
(1996).  In general, this framework we use is the most simplistic scenario, though it is 
a reasonable theoretical framework from which to initiate such studies.  
Table 4.2 and Figure 4.2 display the percent of nonsynonymous and 
synonymous substitutions per gene and ratios by gene category (intact genes, 
pseudogenes, and cob/cbi/pdu region) within the host-specific serovars Typhi CT18 
and Gallinarum 287/91, as compared to generalist Typhimurium LT2.  As expected, 
the ratio of nonsynonymous to synonymous substitutions of the pseudogenes has 
increased relative to the intact genes, though they are still much less than 1. This is 
likely representative of the relatively recent inactivation of these genes. For example, 
Typhi was thought to have diverged from its ancestor only 50,000 years ago, a 
relative short time frame in which to accumulate inactivating mutations (Kidgell et al. 
2002). In further support of the relatively recent inactivation of genes within these 
serovars is that they have relatively few ancestral pseudogenes.  These data also 
indicate that the primary mode of accumulation of pseudogenes is passive; if it were 
an active process, the percent of nonsynonymous changes would likely be much 
higher.   
Given that the overall function of the cob/cbi/pdu region has been lost, the 
results of this analysis of this region are somewhat surprising.  The Gallinarum region 
has a slightly increased substitution ratio as compared to the intact genes, but is still 
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lower than that of the total pseudogenes.  More striking are the results from the Typhi 
cob/cbi/pdu region.  While both the nonsynonymous and synonymous substitution 
rates have both increased relative to the intact genes, the ratio of the rates is less than 
the intact genes and half that of the pseudogenes. This suggests that there is an aspect 
of selection for some genes within this region that was otherwise presumed to be 
decaying (or that these pathways have only very recently been inactivated).  
A gene-by-gene analysis of substitution rates of the cob/cbi/pdu region amongst 
the host-specific serovars further supports the idea that some genes are being 
selectively maintained. Within Typhi CT18, cbiH (Cobalt-precorrin-3b C17-
methyltransferase) and pduU (Propanediol utilization polyhedral body protein) have 
very low ratios of non-synonymous to synonymous change ratios (Figure 4.3).  It also 
appears that cbiH is being selectively maintained within serovar Gallinarum.  Further, 
as demonstrated by Figures 4.4, 4.5 and 4.6, the cob/cbi/pdu regions of both host-
specific serovars appear to be one of several hot-spots of synonymous mutations 
within these genomes. 
 
Are the increased rates of synonymous substitutions within the host-
specific cob/cbi/pdu regions related to expression or to the codon usage 
of the supraspecies pangenome?  
Our data that some of the genes of the host specific cob/cbi/pdu pathway are 
accumulating large numbers of “silent” synonymous mutations is perplexing given 
that the overall function of the pathway has been independently lost in each serovar.  
This is unexpected if this pathway has been inactivated  — under neutral selection, 
the expectation is that nonsynonymous changes will begin to accumulate.  However, 
particularly in the case of Typhi CT18, the cob/cbi/pdu region on average is 
accumulating synonymous changes at a greater rate than the intact genes.  These data 
suggest that some genes of the cob/cbi/pdu region may be maintained and thus have 
some ancillary function in the host-specific serovars.   
It is increasingly appreciated that “silent” synonymous mutations may not be 
neutral, but rather may be a selection mechanism for altered expression.  Thus, we 
attempted to analyze these synonymous changes as it relates to expression.  We first 
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used correlation coefficients as a measure of the effect of synonymous changes within 
CT18 as they relate to expression (relative to E. coli expression from Correspondence 
Analysis), to establish whether the synonymous changes are significantly toward or 
away from high expression, or neither (data not shown).  At first glance, there 
appeared to be a small consistent trend in the cob/cbi/pdu regions of the host-specific 
serovars toward high expression.  However, this trend was not significant enough to 
reject the null hypothesis that the synonymous changes of the cob/cbi/pdu region do 
not affect expression levels.  Further, a caveat to this approach is that it does not 
account for the fact that some of the synonymous changes for high expression have 
stronger correlations than others.   
We employed a second method — an axis projection approach as used in 
Chapter 3 — to assess whether the synonymous substitutions of the host-specific 
cob/cbi/pdu regions are related to expression (Davis & Olsen 2011).  Because the 
substitutions of the host-specific cob/cbi/pdu genes were determined relative to 
Typhimurium LT2 in which this pathway is functional, we can project the codon 
usages of the host-specific regions on to the codon usage axes of Typhimurium LT2 
to quantitate the effect of these changes on expression level.   
The native axis projection, which reflects the expression-related variation in 
codon usage based on the relative position of the axis, was calculated as previously, 
according to the methods as described in Davis and Olsen (2011).  Because it is also 
apparent from our studies in Chapters 2 and 3 that there is a second major class of 
codon usage (from the unique genes of the accessory supraspecies pangenome), we 
also projected the codon usages of the host-specific serovars onto the S. enterica 
unique gene axis as calculated in Chapter 3 (using the unique gene codon usage from 
5 strains of S. enterica as determined in Karberg et al. 2011). Finally, we project the 
host-specific codon usages to the non-native axis of each serovar (calculated by 
generating the modal usage the compiled gene set not matching the native codon 
usages, which includes genes that may be drifting).  In all axes, the origin (x = 0) is 
the modal codon usage of the genome (the codon usage with the largest number of 
genes not significantly different) and (x = 1) represents the modal usage of the given 
gene set in each of axes.  Because the host specific serovars have so recently 
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diverged, we anticipated that any changes along an axis relative to LT2 would be 
subtle.  However, since some genes within the cob/cbi/pdu region have up to 20% 
synonymous changes, we reasoned that if changes were related to a given axis some 
movement along it might be apparent.   
We first consider the average effect of the codon changes of the host-specific 
regions (compiled for all intact genes of each respective region) relative to LT2 
(Table 4.3).  As was determined in Chapter 3, the cob/cbi/pdu region of Typhimurium 
LT2 is ameliorated and, as expected, these data confirm that this is also the case for 
the regions within the host-specific serovars (no matter the axis in this analysis, the 
average axis positions of the regions from all serovars are near to the origin).  Further, 
although the host-specific serovars have lost the ability to catabolize 1,2-propanediol, 
their cob/cbi/pdu regions have not drifted from the LT2 native axis (most genes still 
match the axis), and they have also remained relatively static along all axes (i.e., they 
have not moved towards more positive values along each axis).  From these data, the 
synonymous changes of the intact genes within this region do not appear to reflect in 
a significant alteration of expression relative to LT2.  
There are several possibilities as to why the host-specific cob/cbi/pdu regions 
do not differ from the native axis, despite the overall function of the pathway being 
lost.  The intact genes of host-specific cob/cbi/pdu regions may have had insufficient 
time for them to drift.  Alternatively, these genes may still be functional, albeit for 
some ancillary function.  The increased substitution rates of the region relative to both 
intact genes and pseudogenes may mean that the region is subject overall to greater 
mutation rates, but that accumulation of nonsynonymous mutations may be harmful, 
so synonymous changes accumulate instead (in a random rather than expression-
related or supraspecies pangenome-related fashion).  
Next, we consider the axis analysis of individual genes host-specific serovar 
genes within this region that have high synonymous substitution rates.  The genes 
noted previously to have significantly increased synonymous mutation rates, cbiH 
(from both Typhi and Gallinarum) and pduU (Typhi only) have axis position values 
that are relatively unchanged from their LT2 counterparts (Table 4.4).  This reinforces 
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the idea that they are still maintained for function, but the synonymous changes that 
they do accumulate do not reflect an alteration their expression. 
The only other remarkable change amongst the host-specific cob/cbi/pdu genes 
relative to the LT2 genes in the axis analyses is that of pduJ from Typhi CT18.  
Within serovars LT2 and Gallinarum, the average axis positions of this gene along the 
LT2 native axis are 0.497 and 0.467, respectively.  However, the Typhi ortholog is at 
the origin of the LT2 axis at –0.06 (though it still matches the native axis), but has an 
axis position of 0.518 along the S. enterica unique gene axis (whereas the LT2 and 
Gallinarum orthologs along this axis are at 0.148 on this axis and 0.223, respectively).  
The corresponding synonymous substitution rates of this gene are 9.9% in Typhi and 
3.3% in Gallinarum.  This implies that pduJ may have been recently acquired from 
the supraspecies pangenome and is ameliorating towards the native usages.  The 
opposite scenario is possible as well, though given that cob/cbi/pdu is an ameliorated 
and no other genes within this region appear to be moving towards the codon usage of 
the supraspecies pangenome, this seems less probable.  If pduJ is ameliorating this 
implies that it is being maintained for function.  
 
Concluding Observations 
Though the overall function of the cob/cbi/pdu pathway has been lost, it appears 
as if some genes within the regulon are being selectively maintained.  However, these 
synonymous changes do not appear to reflect altered expression.  This suggests that 
some of the genes may have ancillary functions and/or are adapting for use in other 
capacities.  Though we are unable to find any distinct correlates within the literature 
to suggest a strong selection for cbiH or pduU (and as above, in the case of the latter, 
a deletion results in only a mild growth phenotype) there are other intriguing 
published data that suggest that components of this pathway may still be functional.  
A study that analyzed the transcriptome of Typhi at different time points within 
human macrophages found that cbiB is both significantly induced and repressed at 
different time points, and that pduF (the propanediol diffusion facilitator was also 
significantly induced (Faucher et al. 2006).  In a later transcriptome study on Typhi 
Ty2 (has the same inactivations as Typhi CT18 within the cob/cbi/pdu region), pduF 
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was again to be found to be up-regulated, along with pduK (Perkins et al. 2009).  
Notably, these genes that are still transcriptionally active within the region also 
happen to have some of the largest corresponding ratios of nonsynonymous to 
synonymous substitutions for the region. Whereas the average substitution ratio of 
this region is 0.19, the ratios for cbiB (involved in the last step of the de novo corrin 
ring biosynthetic pathway) pduF and pduK (both encoding polyhedral organelle 
proteins) are 0.67, 0.50 and 0.75, respectively. Finally, a study that compared the 
transcriptomes of Typhi from in-vitro conditions vs. blood from patients infected with 
the same strain found differential expression of 331 genes. Amongst the genes of 
altered transcription were cbiO (cobalt transporter ATP-binding subunit), pduB 
(polyhedral organelle protein) and pduK, further implicating the intact genes of this 
pathway in some function other than 1,2-propanediol utilization, and seemingly 
important to pathogenesis of Typhi beyond the gut (Sheikh et al. 2011).  Taken 
together, these data reveal that when the primary function of a pathway has been lost, 
degradation of the remainder of the pathway is not as straightforward as anticipated.  
Further, it may be that some genes of what was thought to be a decaying region may 
possibly “salvaged” for other functions instead.   
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Table 4.1 Pseudogene counts of S. enterica serovars 
Host Range Serovar Pseudogenes




Host-specific Typhi CT184 227
Typhi Ty24 231
Paratyphi A ATCC91504   204
Paratyphi A AKU_126014 202
Gallinarum1 309
1. Thomson et al. 2008
2. Chiu et al. 2005
3. Holt et al. 2009










































































































































































































































































































































































































































































































































   







































































































































































































































































































































































































































Figure 4.1 cob/cbi/pdu pseudogenes in host-specific serovars 
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Typhi with large in frame deletion from aa 110-160 of total 210 aa 
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solid = Gallinarum inactivations;               = Typhi inactivations 
Nsyn/Syn = Gallinarum intact gene  
Nsyn/Syn = Typhi CT18 intact gene 
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Figure 4.6 Gallinarum percent synonymous and nonsynonymous mutations per gene   
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Chapter 5:  Conclusions and future directions 
 
 This dissertation work investigates the net influences of horizontal gene 
acquisition and gene degradation on genome evolution in S. enterica, with an overall 
goal of elucidating principles that may apply broadly to microbial genome 
evolutionary dynamics.  The studies on the horizontally acquired genes in S. enterica 
and its sibling species, E. coli, have made significant headway in accomplishing this 
goal; we propose two new phenomena ! the supraspecies pangenome and a second 
intrinsic codon usage ! that address the source(s) and fates of some horizontally 
acquired genes.  Further, these evolutionary phenomena appear to apply broadly to 
the microbial world.   
 Horizontal gene transfer (HGT) is known to be one of the most significant 
processes in microbial genome evolution. However, even though horizontally 
acquired genes can often be readily identified by their sequence traits, genomic 
contexts and phylogenetic distributions, and mechanisms including conjugation, 
transformation and transduction are known to be major vehicles of HGT, the overall 
dynamics of HGT were relatively poorly understood. This knowledge gap in the 
evolutionary dynamics of HGT is not trivial as acquisitions of novel “foreign” genes, 
often in the form of genomic islands, are one of main drivers of divergence of 
lineages from a common ancestor. 
 My studies sought to fill some of this knowledge gap by addressing two major 
assumptions regarding HGT.  First, the bulk of the literature on the sources of HGT 
suggests that genes with sequence characteristics different from the genome averages 
(G+C content and codon usages) likely originate from distant phylogenetic donors 
(while the few studies proposing that the primary sources of horizontally acquired 
genes might be closely related lineages or even the species itself, lacked 
incontrovertible quantitative data to support these ideas). Second, if useful, such 
“foreign” genes will over time ameliorate to the lineage specific preferences of their 
host genome (including optimal codon usages). While these assumptions were not 
without merit, they were also made in the context of limited sequence diversity. 
During my dissertation studies, multiple whole genome sequences of different S. 
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enterica and E. coli strains became available, allowing for closer scrutiny of these 
assumptions. In order to understand the dynamics of HGT, a clearer picture of the 
starting points (donor sources) and endpoints (the fates of “foreign” genes in a host 
genome) of HGT is necessary. 
 By using the phylogenetic distribution of genes in S. enterica and E. coli, genes 
were categorized according to their likely evolutionary histories. My colleagues and I 
then analyzed the codon usages of these gene groups in view of the assumptions 
regarding them. Orthologous genes (bidirectional best hits) between 5 S. enterica 
serovars and 5 E. coli strains were designated as shared genes. These genes are likely 
to be ancestral and reflect the average sequence characteristics of the genome. By 
contrast, the most recently acquired genes in these lineages are likely to be the unique 
genes, which are genes present in one study strain to the exclusion of all others. 
Unique genes often have sequence characteristics that are distinct from the ancestral 
genes of the host genome, giving rise to the assumption that they are acquired from 
distantly related donors. Such genes are often not only unique to a lineage, but also, in 
many cases, are seemingly altogether unique with no apparent homologs in the 
sequence databases. It was thought that increased sequence diversity would reveal 
homologs of unique genes, and thereby, their potential donor sources. However, 
despite increased sequence diversity, the opposite has thus far been the case: the total 
complement of unique genes in the microbial world has increased, with their obvious 
donor sources still elusive. The lack of homologs and the relative lack of knowledge 
on the sources and functions of the unique genes were largely thought to render them 
refractory to comparative analyses, and thereby the determination of their roles in 
microbial evolution an intractable problem. Unique genes thus remained a major 
black box of microbial evolution. 
 In the work described in Chapter 2, my colleagues and I demonstrated that a 
comparative study of unique gene sets is possible and can yield important insights 
into the sources of these genes. By employing codon usage analysis methods 
developed in the lab, we found that the codon usages of the plurality of unique genes 
between S. enterica and E. coli are nearly indistinguishable (and 3 times closer than 
the codon usages of the shared ancestral genes between these lineages). This led us to 
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the proposal that the plurality of unique genes in these lineages is drawn from a 
common source ! in this case, a gene pool shared between closely related, but 
different species of the Enterobacteriaceae ! rather than from distant and disparate 
sources (though some horizontally transferred genes are still likely acquired over 
large phylogenetic distances, even within S. enterica and E. coli), Because this gene 
pool is shared beyond the species, and even genus level, we thus proposed that this 
gene pool forms a supraspecies pangenome.  A supraspecies pangenome appears to 
supply the plurality of genetic diversity to diverse lineages, including members of the 
Enterobacteriaceae, Agrobacteria, and Archaea. We have thus provided new insight 
into the sources of horizontally acquired genes.  Further, even though the functions of 
most unique genes still remain elusive, identification of a significant source of unique 
genes is a step forward in understanding their role in microbial genome evolution.  
  Nonetheless, as is the case with any science, a presumptive step forward only 
leads to more questions. We proposed in Chapter 2 that frequent transfer of these 
recently acquired unique genes is an important factor in perpetuating the distinct 
codon usage within a given supraspecies pangenome. Still, a looming question 
remained: why does this distinct codon usage exist? Or, in other words, what is the 
necessity and utility of maintaining a codon usage in the peripheral (accessory) 
microbial pangenome that is distinct from the core genome? 
 My follow-up studies found in Chapter 3 addressed this question. The Chapter 2 
studies compared the codon usages of recently acquired unique genes and the shared 
ancestral genes between S. enterica and E. coli. However, there are many other genes 
in S. enterica that do not fall into either of these evolutionary categories, including the 
species-specific genes present in all S. enterica study serovars to the exclusion of the 
study E. coli strains. Species-specific genes are also likely to be horizontal 
acquisitions, albeit much older ones than the unique genes. In the case of S. enterica, 
the species-specific genes include the major SPIs. Acquisitions of the major SPIs, are 
thought to be some of the major evolutionary events that led to the divergence of S. 




acquired unique genes which have entered the lineage in the last 100,000 years, the  
acquisitions of major SPIs are “ancient” events that occurred ~70–100 million years 
ago. 
According to the dogma on the fate of horizontally acquired genes, these SPIs 
should have ameliorated to their host core genome characteristics to a greater extent 
than the recently acquired unique genes.  To test this assumption, I compared the 
codon usages of the S. enterica major SPIs and other groups of species-specific genes 
to the codon usages of both the S. enterica shared genes and the unique recently 
acquired genes of the supraspecies pangenome. The results were surprising. Despite 
the relatively long residency of the major SPIs in the S. enterica genome, their codon 
usages are similar to that of the most recently acquired unique genes of the accessory 
supraspecies pangenome. Though some horizontally acquired genes (predicted to 
have been acquired after the major SPIs) do ameliorate to the host core genome codon 
usages as expected, it is clear that this is not the fate of all acquired genes, including 
the species-differentiating major SPIs. 
 If not ameliorating to the optimal codon usages of the genome, then what does 
this distinct codon usage of the SPIs and the supraspecies pangenome represent? By 
virtue of their nearly universal distribution throughout S. enterica, and by copious 
experimental evidence within the literature, the SPIs are clearly useful and therefore 
must be under some selective constraints. Thus, if their codon usages are not 
ameliorating to the codon usage preferences of the core genome, and if this codon 
usage does not result from drift alone (as was demonstrated in Chapter 2), then there 
must be some selection to maintain these codon usages that is distinct from the 
selection for “optimal” codon usages. 
 A common regulatory theme amongst the well-characterized genes of this 
distinct codon usage, including the SPIs, is that they are induced under the stringent 
response. An integration of a publicly available transcriptomic dataset on stringent 
response-regulated genes into my analyses further supports this notion. Taken 
together, this led to the hypothesis that this codon usage is a stress-related codon 
usage, a functional adaptation to physiologic cell states (other than exponential 
growth conditions) such as starvation in which “optimal” tRNA pools are likely to be 
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substantially depleted. This is akin to a “starvation codon adaptation index” as 
proposed by others as mentioned in Chapter 3. Therefore, we propose that the genes 
of this distinct alternate codon usage represent a second intrinsic codon usage, one 
that forms a “stress genome.” Genes of this codon usage effectively “resist” 
amelioration by being most useful in times of stress. Notably, this alternate codon 
usage scheme applies to the plurality of the genetic diversity of S. enterica, E. coli, 
and the other related lineages that share this supraspecies pangenome. This implies 
that the evolution of alternate schemes of codon usages is a fundamental microbial 
evolutionary mechanism for many microbes.  
 Multiple avenues of investigation on the phenomena of supraspecies 
pangenomes and secondary intrinsic codon usages remain. Based on the findings that 
supraspecies pangenomes occur in other Bacteria and in Archaea, and coupled to the 
knowledge that many lineages have an analogous pattern of heterogeneous codon 
usages, I expect this phenomenon of alternate codon usages to apply broadly across 
the microbial world. Thus, one next step of this project is a comprehensive 
assessment for this phenomenon in other lineages. This will entail a similar 
computational approach as was used for S. enterica and E. coli: applying codon usage 
analysis techniques to other lineages of heterogeneous codon usages for which 
multiple whole genome sequences are available. Another major direction of this 
research is to experimentally test the idea that alternate schemes of codon usages are 
stress-related.  Application of transcriptomic technologies in various stress-related 
conditions, including starvation conditions, is one avenue to test the hypothesis that 
this distinct codon usage is a functional adaptation to stressed states. Over the long 
term, if this hypothesis proves to be true, it would be useful to determine if 
implementation of alternate codon usages has beneficial impact on the production of 
microbial products for vaccines, therapeutics, and environmental, agricultural and 
other commercial applications that may be resistant to traditional codon optimization 
measures.  
 An additional implication of the supraspecies pangenome is that it forms a 
previously unaccounted for level of genetic cohesion for the lineages that share these 
pools.  That is, in the case of S. enterica and E. coli, they appear to have at least two 
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distinct gene pools.  One gene pool appears to be subject to a recombinational barrier 
(largely represented by the core genes), whereas the other pool, which includes the 
recently acquired genes of the supraspecies pangenome, is likely not subject to this 
barrier.  As the core genome of many lineages continues to contract with each newly 
sequenced strain, whereas the accessory genome increases, begs the question as to 
which gene pool(s), should be used for taxonomic designations. The ultimate 
implications (if any) of the supraspecies pangenome remain to be seen.  
Finally, through the Chapter 4 studies on pseudogene accumulation and 
pathway decay within the host-specific S. enterica serovars, we have found the 
somewhat paradoxical result of genes within the cob/cbi/pdu pathway that appear to 
be under some selection for maintenance even when the overall function of the 
pathway has been lost.  This suggests that these genes are being retained for an 
ancillary function in a host-specific setting.  In essence, through our studies of gene 
loss, we may have uncovered a form of evolving function from genes being salvaged 
from an otherwise non-functional pathway.  
There is also tantalizing published transcriptomic evidence that lends credence 
to some residual function within this genomic region.  A demonstration that proteins 
are indeed produced from of these genes within the host-specific serovars would go 
far in proving this idea.  However, generating such proof may be far from trivial.  For 
example, it may be difficult to find the appropriate inducing condition(s) for genes 
that encode proteins of an unknown ancillary function.  In the meantime, other future 
studies include continued computational investigations into other Salmonella serovars 
or other lineages (that are accumulating pseudogenes) for other cases of gene 
retention amidst decaying pathways.  It may be that as a lineage transitions to a more 
intracellular lifestyle that its opportunity for innovation from horizontal gene transfer 
diminishes, such that innovation relies more heavily upon modification of native gene 
content.   
 In summary, these dissertation studies have led us to several significant insights 
and proposals on microbial evolutionary genome dynamics.  We have proposed that a 
supraspecies pangenome is a major source of genetic novelty for some lineages.  We 
have also expanded the view on the fates of horizontally acquired genes — we 
! "&"!
propose that a second intrinsic codon usage, one that is engaged during times of cell 
stress, is a possible fate of gene instead of amelioration.  This ultimately suggests that 
some microbes maintain a “stress genome” distinct from their “core” genome.  
Finally, these studies demonstrate that a possible form of gene salvage is evolving 
from otherwise decaying pathways.  Though much work remains in each of these 
areas, this dissertation work indicates that ongoing studies of them are a worthwhile 
endeavor.  Taken together, these dissertation studies reinforce the notions that we are 
merely at the beginning of understanding the complex dynamics of a lineage's 
information collection, and that the processes and phenomena that cause many 
microbes to be in a regular state of genetic flux are just as critical to the conception 






















Appendix A: Two-axis projection analysis of Salmonella 
enterica serovar Typhimurium LT2  
 
 
This appendix is an electronic file, "Karberg_Appendix_A.html".  It is a table 
that depicts the two-axis analysis of all protein coding genes of the Typhimurium LT2 
genome.  
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